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Introduction 










The possibility that oxygen may become so low in soil or other media as to 
limit plant growth has long been a matter of concern (3) (4). Numerous 
studies have adequately demonstrated that low oxygen partial pressures 
(2) (3) (6) (12) (13) (14) retard root growth. Extensive investigations on 
salt absorption and accumulation of excised roots and potato tissue dises 
(8) (9) (10) (11) (20) (21) (22) (23) (24) reveal the general dependence 
of respiration and salt accumulation on an aerobic metabolism. VLAMIs and 
Davis (25) have noted the ability of rice and barley to accumulate ions under 
anaerobic conditions around the roots when the shoot was in air. Some work 
has been done which suggests that plants may make use of several systems 
for maintaining an oxidation level in the roots sufficient for the growth 
activities of the whole plant. Reference is made to the early work of ARNON 
(1) on the ammonium and nitrate nutrition of barley. Somewhat later, 
Suive, (19) and GinBert and Suive (7) showed that soybean roots under 
anaerobic conditions consumed more nitrate nitrogen than when aerobic. 
LUNDEGARDH’s (15) work on intact wheat plants demonstrated the positive 
relationships between concentration of nitrate anions in the nutrient solution 
and respiration. Recently, Woodford and Gregory have shown that barley 
ean grow as well under anaerobic conditions as aerobic, provided the nitrate 
anion concentration is increased several fold (26). 

Despite these and other fundamental approaches to the subject, as well as 
many horticultural studies, the impression is widely held by soil workers that 
quantitative information is still greatly needed. Evaluation is particularly 
desired for effects of short periods of anoxia that might lead to prolonged 
physiological disarrangement or permit invasion of soil borne pathogens 
through injury. Knowledge is still lacking of the extent to which transport 
of some nutrient elements and water is limited by oxygen supply. 

In the work described here attention was focused on the overall growth 
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response of several plants to low oxygen partial pressures ambient to the 
roots. Experimental conditions were established such that diffusion of oxy- 
gen to the root surfaces would not be a limiting factor. Nutrition and water 
supply were maintained at optimum levels for the plants studied. Changes 
in cell elongation, green weight, ion accumulation, and shifts in the internal 
nutritional status of the shoot were observed. Growth- was followed in ex- 
periments of two-weeks’ duration while periods of two or three days were 
used in studying uptake of radioactive isotopes. This approach was adopted 
in part to avoid the many questions that might arise in the bearing of studies 
on isolated roots on overall plant behavior. 


Materials and methods 


Large populations of Nicotiana tobaccum var. Maryland Mammoth and 
var. Connecticut broadleaf, Lycopersicon esculentum var. Marglobe, and 
Soja maz var. Biloxi were grown from selected seed with an aerobic root 
environment. Uniform plants for treatment were selected from this popula- 
tion. All plants were grown in two-gallon urn-type glazed porcelain pots 
filled with eight-mesh quartz sand. Tobacco and tomato plants were trans- 
planted from two-inch pots whereas soybeans were seeded directly into urns. 
Culture solutions which had been developed through long practice at this 
station were used for each plant; namely, a modified Shive’s four-salt solu- 
tion with added micro nutrients for tomato and soybean, and one used by 
McMvurtrey (17) for tobacco. Nutrient solution was applied daily. 

At a suitable time before the differential oxygen treatments the various 
pots selected for the tests were sealed with rubber caps which were bound 
down with masking tape. A very small opening in the cap around the plant 
stem allowed aerating gas to escape after passing upwards from the bottom 
of the pot. Perforated copper tubing placed on top of the sand and leading 
through the cap served as an efficient irrigation system after the pots were 
sealed. Mixed gases, consisting of water-saturated nitrogen and air com- 
binations at various values over the range between 0.5% and 6.4% oxygen, 
were used at a flow rate of 10 liters per hour, which was adequate to flush 
twice each hour and to prevent back diffusion around the plant stem. Con- 
trol plants received forced aeration, the air being filtered through packing 
waste after leaving the compressor. In order to facilitate distribution, a 
two-inch pot was inverted over the hole in the bottom of the urn through 
which the mixed gas was introduced. Channeling did not occur since the 
sand grains were large and quite uniform in size distribution. During the 
experimental runs, frequent analysis of the gas inside each pot was made as 
a check for leaks and to test the adequacy of the mixing technique. No 
difficulty was encountered. 

Accumulation studies with P32 were carried out for tobacco and soybean 
whereas both K42 and P32, as supplied in an irradiated unit of KH,PO, were 
used with tomato. The radioactive substances were made up in stock solution 
sufficient for an entire experimental period. The short half life, 12.4 hours, 
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of K42 dictated rapidity in all operations including final assay. 
decay of P32 necessitated careful sanitation in disposal of wastes. 

At the end of an experiment plants were minced in a food chopper and 
weighed samples were dried in a forced draft oven. After drying, the 
samples were digested with HNO, and HCl10,, diluted and filtered. Zir- 
conium nitrate was then added to the approximately 25 ce volume in a 50 ce 
centrifuge tube in order to precipitate phosphate containing P32. After 15 
minutes centrifuging, excess zirconium nitrate was removed by addition of 
inactive sodium phosphate. Potassium in the supernatant liquid was pre- 
- eipitated with sodium cobalti nitrite, the solution was cooled for one hour 

in a refrigerator, and then filtered on filter paper discs following the method 
of MacKenziz and Dean (16). Radioactivity was measured at once by use 
of a commercial bell type GM tube and associated scaling unit, after which 
the precipitate was dried and weighed. The specific activity was then eal- 
culated relative to that of potassium in the initial solution after necessary 
allowance for decay. Since the potassium cobalti nitrite precipitates were 
sometimes contaminated with adsorbed P32, all were allowed to stand for 
several weeks and the activity remeasured. A correction was then made for 
the initial counting. Total phosphorus and P32 relative activities were de- 
termined on an independent sample after the method of MacKenzie and 
Dean (16). 

Gas mixtures of constant composition were obtained irrespective of varia- 
tion in individual flow rates by means of the arrangement shown diagram- 
matically in figure 1.1. A vessel B having a relatively great diameter was 
placed as indicated before the flow meter in the nitrogen line. A water con- 
nection led from B to the overflow A in the oxygen line. Change of the gas 
pressure in B changed the overflow height in A which thus shifted the air 
pressure at the air flow meter in the direction to maintain constant com- 
position. Perfect control is only possible for an infinitely large diameter of 
B but practical control restricting variation of oxygen partial pressure to 
PO, x .05 can be obtained with a reasonable diameter. 

A total flow rate of the mixed gas was used such that five pots could be 
serviced from each source of supply. 


Slower 


For a complete experimental run of 
two weeks, using a 5x5 setup, a total of 17 tanks (200 cu. ft.) of water- 
pumped nitrogen gas was required. Five of these were needed for the 0.5% 
series. Each tank of nitrogen gas was analyzed by means of a Pauling 
Oxygen meter before being put into the line. The advantage of this instru- 
ment was its accuracy in the low ranges, being especially built for the range 
below fourteen millimeters. The gas composition inside each pot was checked 
at least twice during the runs, using a portable Orsat apparatus. It was 
observed that the analytical error with the Orsat was in excess of the error 
involved in the mixing technique. 


1 Mr. R. A. Nelson, U. S. Geological Survey and formerly with this Division worked 
out the theory of the regulator. 
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Results 
GROWTH DATA 


Response of tomato, tobacco, and soybean plants to various oxygen partial 
pressures and to forced aeration is shown in table I. 

EXPERIMENT 1—Tomato plants, at about the onset of blooming, were sub- 
jected to oxygen levels of 0.5; 2.0; and 5.0% for a two-week period. Control 
plants received forced aeration. Three leaves, numbers 10, 11, and 12 
(counting from base) were measured daily. The data in column 4 of table I 
refer to leaf number 12. The length includes the entire leaf structure, from 
its point of attachment at the stem to the extreme tip. 


GAS COMPOSITION AND FLOW CONTROL SYSTEM 
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Fie. 1. Apparatus for maintaining constant gas composition. 


The final green weights of tops and roots, as well as the total elongation 
of leaf and stem were significantly greater in the control plants than in any 
one of the other treatments. Furthermore, the growth of tomato plants was 
significantly reduced, at each oxygen level, relative to that at atmospheric 
pressure. The color of the leaves of the plants whose roots were exposed to 
oxygen pressures lower than that in air, was distinctly a paler green than 
that of the controls. Effects of low oxygen concentration were easily seen. 

At harvest, the root system of the 0.5% series was distinctly smaller than 
the controls, and except for an outcrop of new roots above the level of the 
original root system, appeared brown and dirty. The outerop of new roots 
produced in the 2% and 5% series was considerably more abundant than in 
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the 0.5% series but the original root systems in general were healthy looking. 
It was evident, however, that the original root system did not grow, in any 
except the control plants. Root-like outgrowths appeared on the stems of 
plants in the 0.5 and 2.0% series, below and above leaves four and five. No 
such outgrowths appeared on the stems of the 5% series or the forced aera- 
tion controls. Tomato root weights were more seriously affected than top 
weights by low oxygen partial pressures, as seen in table I, column 3. 

The effect of low oxygen partial pressures on leaf and stem elongation was 
clearly evident 24 hours after the experiment started. The loss of green color 
in the leaves of the plants with roots in low oxygen was progressive, being 
strikingly evident by the fifth day in the 0.5% treatment, and by the ninth 
day in the 2% and 5% treatments. 

EXPERIMENT 2—Maryland Mammoth tobacco plants can be maintained 
vegetative without supplementary light during the long days of summer. 
The growth data shown in table I are for such vegetative plants. Plants in 
an active stage of growth were subjected to gas with an oxygen content of 
0.5, 1.5, 3.2 and 6.4% around the roots, with normal air used for controls. 
The leaf selected for daily elongation measurements was near the apex, being 
the fourth leaf down the stem axis, counting from an apical leaf having 
maximum dimensions of 20 by 40 millimeters. 

Forced aeration of the rooting medium produced tobacco plants with tops 
having significantly higher green weights than plants whose roots were ex- 
posed to oxygen contents of 3.2, and 0.5%. The green weight of tops in the 
1.5% treatment, and the green weight of roots in the 3.2% treatments were 
essentially equal to the controls, but significantly greater than any other 
treatment. An oxygen concentration of 0.5% adversely affected root growth. 
The color of tobacco leaves deteriorated only in the 0.5% treatment. The 
original roots of plants in the 0.5% series were essentially dead at the end of 
the experiment and a few new roots appeared above the original root system. 
The roots of the plants in the 1.5% and higher treatments remained healthy. 

Elongation of the leaf was changed within 24 hours after treatments had 
started. The effect of low oxygen concentration on leaf elongation was sig- 
nificant in all oxygen levels lower than that in air, as shown in table I. The 
general appearance of the test plants, outside of the 0.5% treatment, was 
essentially like that of the controls. An oxygen content of 0.5% significantly 
reduced the elongation of the stem. The impact of low oxygen partial pres- 
sures on stem elongation of tobacco was not apparent until 48-72 hours after 
treatments had started. 

EXPERIMENT 3—Connecticut broadleaf tobacco plants were used at first 
but later abandoned in favor of Maryland Mammoth since flowering intro- 
duced considerable variation. It was observed that wilting of the four basal 
leaves occurred within one hour after the start of the 0.5% oxygen treatment. 
Such wilting was at first intermittent, being most severe during days of high 
light intensity when greenhouse temperatures exceeded 90° F with the plants 
recovering at night. After five days wilting was permanent even though 
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relative humidity was high and the water supply to the roots entirely ade- 
quate. This effect is due to restricted transport of water since it takes place 
before a growth differential occurs. 

EXPERIMENT 4—Soybean plants were maintained vegetative throughout 
their growth by illumination for one hour in the middle of the dark period. 
The growth data in the last four columns of table I reveal the remarkable 
tendency for soybean to maintain the processes of growth in all oxygen con- 
tents except 0.5%. At this level, the green weight of tops and roots was 
significantly altered. Leaf color was essentially the same in all except the 
0.5% treatment. In this treatment the change to a light green developed 
slowly over the two-week experimental period. 


TRANSFER OF RADIOACTIVE ISOTOPES AS CRITERIA OF OXYGEN EFFECTS 


Transfer of P32 and K42 from nutrient solutions to the experimental 
plants was followed for short periods. Accumulation in all cases is expressed 


TABLE If 


ACCUMULATION OF RADIOPHOSPHORUS AND RADIOPOTASSIUM IN THE HARVESTED SHOOT OF 
YOUNG AND OLD MARGLOBE TOMATO PLANTS, AS INFLUENCED BY THE EXTERNAL 
OXYGEN PARTIAL PRESSURE IN THE ROOT ZONE. 














POTASSIUM PHOSPHORUS 
OXYGEN CONTENT YOUNG OLD YOUNG OLD 
PLANTS PLANTS PLANTS PLANTS 


C/see./mgm K C/see./mgm P 


(x10~) (x10) x10“) (x10“) 
0.5 9.5+3 §.5+2 2 68 + 0.7 
2.0 21.8+4 8.8+0.2 294+ 2 138 + 8.6 
5.0 39.5+0.8 11.0+0.2 35! 124 + 0.7 
FORCED AERATION 20.7 +1 14.7 + 0.2 235 , 223 + 8.9 





LSD5%* 5.1 10.6 355 32 
LSD1% 9.3 19.2 ) 58 





* The least difference required for significance between any two means. 


in arbitrary terms giving relative specific activities. Such values were ob- 
tained for the harvested shoots of tomato and tobacco plants grown in sand 
culture for two to three days under different oxygen partial pressures. <Ac- 
tivity values for soybean shoots were expressed on the ash basis. In tomato, 
accumulation of P32 and K42 was measured in vegetative and in flowering 
plants. In tobacco, accumulation of P32 was observed at intervals over a 168 
hour period following one application of P32 to the nutrient solution. After 
seven days these plants were harvested and the specific activity values were 
obtained on the shoot. 

EXPERIMENT 1—A nutrient solution containing about one microcurie of 
P32 and K42 as KH.PO, was added to each of a series of. tomato plants, 
within one hour following imposition of the different oxygen tensions. About 
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24 hours later a second application of the K*H,P*O, was made. After about 
65-hours the two groups of plants, young and old, were harvested and 
assayed. The specific activity values obtained are shown in table II. Ac- 
cumulation of P* by young plants is obscured by a large variance in the’ 
particular experiment. 

EXPERIMENT 2—T wo groups of Maryland Mammoth tobacco plants were 
set up with the purpose of determining, among plants of the same age, 
whether time of exposure to low oxygen partial pressure in the root zone is 
an important factor in transport of P32. In Group A plants the particular 
treatment was maintained for seven days prior to addition of the tracer, 
while Group B plants from the same initial lot were allowed to grow normally 
during this time and were put under different oxygen tensions about one 
hour before adding the tracer. 


TABLE IV 


RELATIVE ACCUMULATION OF RADIOACTIVE PHOSPHORUS BY SOYBEAN AND CONNECTICUT 
BROADLEAF TOBACCO PLANTS, WHOSE ROOTS WERE EXPOSED TO VARIOUS 
OXYGEN PARTIAL PRESSURES. 








ACTIVITY, EXPRESSED AS COUNTS PER SECOND 
PER MILLIGRAM OF ASH 
OXYGEN —_—— —_——_—__—— 
y x10” 
SOYBEAN . 
— (CONN. BROADLEAF) 














403 +48 201 + 22 
687 + 38 
769 + 57 
. 451+ 34 
. 99 
Foreed aeration 17 


38 
13 





LSD5%* 162 
LSD1% 236 


* Least difference required for significance between any two means. 








Using a portable Geiger-Miiller counter with an especially shielded probe, 
it was possible to measure, at short intervals following addition of P32, the 
transport of this tracer into previously marked leaves. The leaves were at 
the same position on the stem axis of each plant and are referred to hence- 
forth as the mid-leaf and the tip-leaf. The results obtained are shown in 
table III. 

EXPERIMENT 3—Biloxi soybean plants, kept vegetative by illumination 
for one hour in the middle of the dark period, were put under different oxy- 
gen tensions about one hour before adding P32. A second addition of P32 
was made about 24 hours later. Within 65 hours the soybean shoots were 
harvested, dried, and ground. Samples were ashed and the activity values 
per milligram of ash obtained. These data are shown in table IV together 
with results for Connecticut broadleaf tobacco. 
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INTERNAL NUTRITIONAL STATUS 


Samples of the harvested shoot of each plant were analyzed from the 
two-weeks’ experiment from which growth data in table I were obtained. 
A spectrographic assay was made using complete burning in a D.C. are with 
comparison standard technique (5) for boron, manganese, iron, aluminum, 
copper, sodium, calcium, magnesium and phosphorus. Potassium was de- 
termined with a flame photometer (18). Results are shown in table V. 


Discussion 

Root growth of tomato, tobacco, and soybean is stopped by reducing the 
oxygen content of the surrounding gas to 0.5% but. top growth continues. 
Data in table I show a small but significant decrease in root weight for the 
first two species over a period of two weeks, as might be expected if respira- 
tion is continuing on reserves in the roots rather than on materials princi- 
pally translocated from the shoot. The weight of the tops increased by about 
50% or more in each case, the actual green weight value for Maryland Mam- 
moth tobacco being reduced by drying of the lower leaves with use of 0.5% 
oxygen around the roots. The rate of top growth at the 0.5% oxygen level 
relative to controls having forced aeration was markedly greater for soy- 
bean than for tomato and tobacco. In fact, leaf and stem elongation were 
somewhat enhanced, though not significantly. This, and the healthy condi- 
tion of roots as well as their constant weight, indicated transport of elabo- 
rated materials from the shoot to the root in soybean even in 0.5% oxygen. 

Change in top composition as a function of oxygen pressure in the root 
zone, average values for which are recorded in table V, reflects the effect of 
growth and any accumulation or losses. Increase in total weight of tops and 
roots for tomato and soybean for 0.5% oxygen around the roots is about 30% 
of the initial weight. If the shoot composition with regard to P and K is 
taken as approximately representative of the whole plant then in the 
absence of accumulation the amount of each element listed should be reduced 


by about 23%, i.e. a x 100 = %. This requirement is met for K and P 


in tomato as well as K in soybean, but the considerable values of LSD5% 
both for growth and analysis should be noted. The effect is paralleled by 
potassium and phosphorus in Maryland Mammoth tobacco, but the irregular- 
ity of the growth at 1.5% oxygen content of the gas in the root zone in the 
sequence of values leads to some uncertainty. At the lowest oxygen levels, 
the accumulation of phosphorus and potassium is reduced sharply toward 
zero. | 

Use of radioactive phosphorus and potassium indicated that these ele- 
ments were transported from the nutrient solutions to the shoots in all treat- 
ments. It is unlikely that activity values are seriously affected by exchange 
between the element in the root and the nutrient solution, but rather that 
they reflect true accumulation for the particular time intervals under ob- 
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servation. If this is the case they serve as far more accurate measures of 
- accumulations as functions of oxygen pressure in the root zone than do the 
overall compositional responses since measurements can be made on plants 
used to assess growth. 

Accumulations of K42 and P32 by old tomato plants for 0.5% oxygen 
content of the gas in the root zone, listed in table II, are about 44 and 4 as 
great respectively as the values for forced aeration. Such accumulations are 
within the limits of overall change in plant composition as discussed above. 
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Fig. 2. Relative P32 activities in tobacco leaves at various times after application 
to nutrient solution. All activities are zero at zero time. 





Accumulation of P32 in the relatively rapidly growing tip-leaf of tobacco is 
shown in table III. Change of activity is solely due to exchange between the 
phosphorus initially present in the area used for measurement and that 
coming into the growing leaf. The tip-leaf, because of its more rapid growth, 
shows greater activity than does the mid-leaf. 

Change in relative activity of P32 in tobacco leaves was followed as a 
function of time in all cases. Results in strictly typical cases are shown in 
figure 2. It is evident in these examples, and true in all others, that equilibra- 
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tion is complete in about thirty hours. The rate of increase in P32 activity 
is similar in all cases irrespective of oxygen partial pressures over a con- 
siderable period where the activity follows an expression of the form, 
activity = ae“ 
t, being the time and a and k constants. 
It follows that, 


d (activity ) wm 
dt = rate = ake 


= k activity 
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Fie. 3. Growth response of tomato at various oxygen partial pressures around 
the roots. 
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or log (rate) atime. The rate of transfer from the root to the shoot is thus 
independent of oxygen content of the gas ambient to the root. 

Response of tomato to variation of oxygen content of the gas around the 
root is graphically presented in figure 3. Some values in the tables are 
aberrant, as well might occur for experiments of this type. A remarkably 
great amount of the data follows the form, 

response a log pO, 


7 


over the entire range from 0.5% to 21% oxygen. Inspection of the data for 
soybean in the several tables, on the other hand, shows that the response is a 
function of pO, only below 3.2% and possibly even lower values. 
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Fic. 4. Relative uptake of various ions by tomato and barley plants as a function 
of oxygen partial pressure. 


Accumulation of K42 in its dependence on oxygen supply to the roots 
of tomato plants is contrasted in figure 4 with that of excised roots as mea- 
sured by Vuamis and Davis (25). Results obtained for excised barley roots 
by HoaGcianp and Broyer (11) are also included. The responses appear to 
be somewhat different, particularly when the overall data given in figure 2 
are considered. An attached root can, of course, receive energy-supplying 
compounds by translocation from the shoot while the detached root with high 
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carbohydrate reserve depends necessarily upon synthesis in place. The evi- 
dence that translocation is unimpaired by limited oxygen supply is im- 
portant in this respect. 

Elemental compositions as listed in table V indicate that amounts of the 
major nutrient elements K, Ca, Mg, and P closely parallel growth response. 
Magnesium in tomato is an exception, remaining constant as the oxygen con- 
tent of the gas around the roots is decreased. Manganese and iron in tomato 
also decrease monotonously with limited oxygen supply. This elemental 
behavior possibly expresses the ‘‘chlorosis’’ response of tomato in the experi- 
ments. 

The trace elements, with the exception of Mn and Fe in tomato as noted 
above, remain constant or increase as the oxygen supply to the roots is 
lowered. The increase is striking for sodium. Transfer of these elements 
from the relatively low concentration of the medium to the higher values in 
the plants thus does not appear to depend upon an aerobie mechanism. In- 
jury cannot be a factor since it would tend to bring about uniformity of com- 
position ; i.e., marked reduction in the root. 


Summary 


Growth response, nutrient accumulation, and nutrient transport were 
measured for tomato (var. Marglobe), soybean (var. Biloxi) and tobacco 
(var. Maryland Mammoth and Connecticut broadleaf) in their dependence 
on oxygen supply in the root zones. 

Root growth of all plants was stopped at an oxygen content of 0.5% in 
the gas around the roots. Top growth and ion accumulation continued at 
this level. 

In tomato, response was proportional to log pO, from 0.5% to 21% oxy- . 
gen for growth and ion accumulation. The log (transport rate) was a func- 
tion of time independent of oxygen supply to the roots. This indicates that 
rate of transfer from the root to the shoot is independent of aerobic mecha- 
nisms in the roots. 

Accumulation of major nutrient elements with the exception of Mg for 
tomato parallels top growth in dependence upon oxygen supply to roots. 
Minor nutrient elements with the exception of Mn and Fe for tomato remain 
constant or increase with lowered oxygen levels. The increase of sodium is 
most striking. 
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COMPOSITION OF DEVELOPING PEANUT SEED! 
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Ina review of plant fats in relation to environment and evolution, McNair 
(5) noted that several factors influence fat production ; stage of development, 
carbohydrate percentage, vegetative vigor, heredity, and environment. 
Ivanow (4) showed that the percentage of oil increased in ripening flaxseed 
as the percentage of sugars decreased. In general, studies on the composition 
of maturing oil seeds have usually dealt only with the quantitative and quali- 
tative aspects of the crude lipid fraction and in some eases with the soluble 
sugars. MARKLEy (6) pointed out, however, that moisture content, weight of 
seed, and percentage of other constituents in addition to histological and 
anatomical data are also necessary for proper interpretation of the synthesis 
of fatty acids in the growing plant. 

Paren and SesHapri (7) tagged flowers and reported that the bunch pea- 
nut of the Spanish type loca’ y known in India as Gudiyattum required 95 
days from planting or 60 days after flowering to produce mature nuts. Al- 
though tagging the flowers was of distinct value in evaluating the age of the 
nuts, the authors indicated that the seeds from flowers which opened on the 
same day did not develop at the same rate. The gynophores from the flowers 
near the soil entered the earth and produced seeds earlier than those more 
distant. They noted that the percentage of oil on the dry basis increased 
very slowly at the beginning and ending of the developmental period. Oil 
was synthesized rapidly between the 32nd and 46th day after flowering. 
GARNER, et al. (3) found that under the conditions of their studies climatic 
variations had more effect on size of seed and on oil content than did differ- 
ences in the soils. GALLUP and STaTEN (2) compared peanut fruits taken at 
a stage of growth about five weeks prior to normal harvest with those obtained 
at normal harvest. Ona dry weight basis, the percentage of ash, protein, and 
crude fiber showed little or no change, while the ether extract fraction in- 
creased from 31.28% to 36.11%. 

The fruiting habit of the peanut is peculiar ; the flowers develop above the 
ground, but after fertilization of the ovule the stalk of the ovary lengthens. 
The elongating gynophore, popularly known as a ‘‘peg’’, pushes the ovary 
into the soil where it develops into shell and seed. Since blossoming is pro- 
gressive over a period of several weeks, difficulty in determining the exact 
stage of development of the fruits by the planting date alone is quite evident. 
It is generally believed that in the Piedmont area of Georgia, Spanish type 

1 Paper No. 187, Journal Series, Georgia Agricultural Experiment Station, Experi- 


ment, Georgia. 
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peanuts require a minimum of 110-120 days from planting for maturity and 
the Virginia type about 130-140 days. A simple objective method for the 
determination of maturity is highly desirable. 

This study involving two seasons’ results was undertaken specifically to 
determine the composition of the developing seed and length of develop- 
mental period. The composition of the developing shell was also studied, but 
only for one season. 


Materials 


During the first season, samples of peanuts from uniformly well developed 
and productive small seeded Virginia Bunch plants grown at Experiment, 
Georgia, were removed from the field September 25, 1947, and at intervals 
thereafter the last sample being taken on November 25. They were trans- 
ferred immediately to the laboratory where they were shelled and the seeds 
were divided into one or more groups, as described in table I. The very 


TABLE I 


CHARACTERISTICS OF VIRGINIA BUNCH PEANUTS HARVESTED AT VARIOUS 
STAGES OF DEVELOPMENT, 1947 




















ESTIMATED 
‘ APPEARANCE TIME 
oe ; pm tg OF INSIDE REQUIRED 
OF SHELL FOR 
MATURITY 
Very Immature Days 
‘* Second Setting’’ White White, Thick and Fleshy 35 
Immature White White, Fleshy 28 
Partially Mature Slightly Pink White, Papery 14 
Mature Pink Brown and White 


Over-Mature Pinkish-Brown Predominantly Brown 





immature group, harvested late in the season, was considered to be the result 
of a late flush of blooming. 

Virginia Bunch strain (Georgia Station Introduction 67-14) was planted 
May 10, 1948, in rather low and fertile soil, and subjected to the usual eul- 
tural practices. On July 19, 70 days after planting, between 3000-4000 
gynophores, just entering the soil, were tagged at random throughout a 
one-half acre plot. It was estimated that the time between the appearance 
of the flowers and the entrance of the gynophores into the soil was about 14 
days. After tagging, soil was gently placed over the tip of the gynophore. 
During the 1948 season, samples were obtained by the following procedure: 
Samples were taken at random on the 9th, 18th, and 28th day, and at weekly 
intervals thereafter until the 70th day after tagging. The sample taken on 
the 70th day after tagging had the appearance of being definitely over-ma- 
ture, as shown by the color of testa and shell. With the exception of the 
ninth day sampling, where only a few pods were removed, a sample consisted 
of 600-700 fruit and diminished to 200-300 fruit as the peanuts matured. 
The peanuts were washed and drained in a basket centrifuge which removed 
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the major portion of the surface water. After shelling, the obviously ab- 
normal seeds and shells were discarded and the rest usually were divided 
into two groups each of seeds and shells. 

From the 18th through the 49th day, samples of seeds were divided into 
two groups on a weight basis; for example, on the third sampling date the 
seeds were divided into those weighing more than or less than 500 mg. The 
56th, 63rd, and 70th day samples of both the seeds and shells were subdivided 
into two groups each, depending upon the color of the testae and of the 
inside of the shells. 

Methods of analysis 


Counted numbers of seeds and samples of shells were weighed and dried 
to constant weight at 65° C in a forced draft oven. The materials were then 
weighed and ground. Moisture, crude fat, and crude protein (nitrogen x 
5.5 for seed and nitrogen x 6.25 for shells) were determined by the official 
methods of analysis (1). 

The Shaffer-Somogyi reagent (8) was used in the determination of re- 
ducing and total sugars, sucrose being inverted with invertase. Starch was 
determined on the 80% alcohol insolubie residue by incubation with diastase 
and subsequent acid hydrolysis. The acid hydrolyzable fraction, commonly 
called hemicellulose, was obtained on the starch residue from the second 
season samples by using a 3% HCl hydrolysis for three hours in a boiling 
water bath. Reducing sugars, sucrose, and the hemicellulose fraction are 
reported in terms of dextrose and starch as dextrose x 0.9. 


Weather, as well as the strain of peanuts and method of determining their 
physiological age, differed for the two seasons ; however, data on the composi- 
tion of the ripening seeds were comparable. During the first season, this 
study covered only the later stages of growth and age of samples was judged 
solely by appearance. During the 1948 trial, samples were obtained over a 
longer period and age was based on date of entrance of gynophores into the 
soil. These samples were further divided on a weight and appearance basis. 


Results 

1947 Season.—The data obtained during the first season on Virginia 
Bunch seed are summarized in table Il. These results expressed in both 
percentage and mg. per seed were compiled from data obtained on groups of 
two or more samples harvested at six different dates. 

As maturity approached, the water content of the seeds decreased from 
62% to the usual (30-40% ) range of fresh mature seeds. It appeared that 
there was a difference of about two weeks in the physiological age of the 
partially mature and mature groups. The mature group had increased only 
4% in fat over those partially mature, which is in agreement with the results 
obtained by Pare. and SesHapri (7). In contrast on a weight per seed basis 
the increase in fat was 200 to 270 mg., or 35% increase in fat in the two-week 
period immediately preceding maturity, due mostly to the large increase in 
dry weight per seed. The total sugars and starch decreased from 30.3 to 
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5.4% as maturity approached. Sucrose increased slightly when seeds were 
over-mature. Ona mg. per seed basis, there was a marked decrease in carbo- 
hydrates between the very immature and the immature groups. From the 
latter stage until maturity, however, the total sugars and starch remained 
constant. 

The ratios of protein-carbohydrate, fat-carbohydrate, and fat-protein in- 
creased as maturity approached (table III). In the case of protein-carbo- 


TABLE III 


FAT, PROTEIN, AND CARBOHYDRATE RATIOS OF VIRGINIA BUNCH SEED—1947. 








MATURITY 
OF 
SEED 


PROTEIN FAT FAT 
TOTAL SUGARS TOTAL SUGARS CRUDE 
AND STARCH AND STARCH PROTEIN 


CRUDE CRUDE CRUDE / 





Very 

immature 0.6 0.9 1.5 
Immature 2.2 4.0 

Partially 

mature 3.8 

Mature 4.9 

Over 

mature 4.7 





hydrate ratios, protein remained relatively constant, and the increase was 
caused by the decrease in carbohydrates. The increase in the fat-carbo- 
hydrate ratio was due to a rise in fat while the carbohydrates decreased. 
The rise in the fat-protein ratio was due to the fat increasing as protein 
remained constant. 

1948 Szason.—Although the gynophores were selected rather carefully 
at tagging, considerable variation in appearance of the Virginia Bunch seeds 
at each sampling date was noted. The samples were divided first by weight 
and toward the end of the ripening period also by color of the testae and the 
inside of the shells. A difference of as much as seven days in apparent 
physiological age was noted between samples harvested on the same day 
(table IV). 

The data (table IV) obtained from the samples were calculated to 
weighted mean values on a weight per seed, percentage fresh weight, and 
percentage dry weight basis for the whole sample at each harvest date 
(figures 1-8). Although mean values are given for the 70th day sample, 
both subsamples were overmature in appearance and the variation in com- 
position, size, and number of seed was very large. The smaller sample had 
decidedly abnormal characteristics and the carbohydrate fractions were not 
determined. 

While the seeds attained a peak in fresh weight on the 49th day after 
tagging, the dry weight continued to increase (fig. 1). 

It is known that the shells of cured as well as fresh mature peanuts 
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WEIGHT - MG. 
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1. Average weight of individual Virginia Bunch seed, 1948. 
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Fig. 2. Percentage of moisture in Virginia Bunch seed and shells, 1948. 
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Fig. 3. Crude fat content of Virginia Bunch seed, 1948. 





(moisture content in equilibrium between shell and seed) have a higher 
moisture content than the seed. A similar relationship was obtained on seeds 
and shells of all samples harvested from the 18th to the 70th day after 
tagging as shown by the parallel curves obtained from the moisture data 
(fig. 2). 

Fat data expressed in percentage of fresh and dry weight, as well as per 
seed basis, are given in figure 3. Although the differences were not as pro- 
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nounced as those found in 1947, the same relationship was obtained as shown 
by the change in slope of the percentage dry weight curve at 49 days, while 
on a basis of mg. per seed the curve continued to ascend. 

Although protein appeared to be at an unaccountably high level at the 
first sampling date (fig. 4), this constituent on a percentage dry weight basis 
remained practically constant, increasing only slightly during the develop- 
ment of the seeds. In contrast, protein on a mg. per seed basis increased 
rather steadily as the seeds ripened. 
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Fie. 5. Hemiceliulose in Virginia Bunch seed, 1948. 





On a weight per seed basis, the hemicellulose fraction increased as the 
seeds developed (fig. 5). Some of the variations shown on the graph might 
be due to the method of determining this fraction which is less precise than 
other determinations used in this study. 

Generally, both total sugars and starch on the percentage dry weight 
basis (fig. 6) decreased as the peanut developed ; however, the percentage of 
total sugars increased slightly at maturity due to an increase in sucrose. 
This increase, also evident in 1947, may account for the slightly sweet taste 
of fresh mature seed: With the exception of very immature seed, reducing 
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sugars during the development were found only in traces. Although starch 
decreased on a percentage basis throughout the whole period, this decrease 
leveled off somewhat towards maturity so that the total soluble sugars and 
starch approached a constant value near maturity somewhat similar to that 
obtained on Virginia Bunch seeds in 1947. 

On a weight per seed basis (fig. 7) starch increased in the earlier stages, 
then decreased from mid-development to over-maturity. In general, total 
sugars increased throughout most of the development period. Although only 


one sample was examined at the over-mature stage, a high level of sugars was 
noted. 
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Fie. 6. 
1948. 


As the seeds developed, both the fat-carbohydrate and protein-carbo- 
hydrate ratios increased as maturity was approached. As already reported 
(3), fat increases at the expense of the carbohydrate fractions; the protein- 
carbohydrate ratio (fig. 8) indicates the probability of a similar relationship. 
Although the 70th day sample was somewhat questionable, as previously 
mentioned, both the fat-carbohydrate and the protein-carbohydrate ratios 
decreased at over-maturity. This decrease was very abrupt in the fat-carbo- 
hydrate ratio due to both a decline in fat and a rise in suerose. The fat- 
protein ratio increased quite rapidly to mid-development of the seed, slowly 
increased to the 49th day, and then became practically constant. Evidently 
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a few days after the ratio of fat-protein attains a value of approximately 2.0, 
maturity is indicated, as shown by results of both years. The ratios involving 
carbohydrates fluctuated more widely during the two seasons. 

With the exception of moisture, the results obtained from Virginia Bunch 
shells in 1948 are given on a percentage dry weight basis in table V. The 
hemicellulose fraction increased as the shel’s matured. All other determined 
constituents decreased with the exception of crude fat which was higher at 
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Fie. 7. Carbohydrates in Virginia Bunch seed on a weight per seed basis, 1948. 






the 70th day sampling. The percentages of soluble sugars decreased rapidly 
in the young developing shells and the starch which was relatively low in the 
very young shells disappeared almost entirely by the 49th day after tagging. 


Discussion 





Color development in the testa was used as one of the several guides for 
judging the stage of development of the seeds during the 1947 season and was 
considered as a possible practical test for estimating maturity. However, 
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eolor of the testae was found to vary considerably in amount, shade, and dis- 
tribution so that this characteristic appears to be of minor value as an indi- 
cation of maturity. Probably the most reliable and simple method of deter- 
mining maturity includes: a combination of texture of the seed, color of 
testa, tightness with which the seed is held by the shell, absence of fleshy 
material and change of color on the inner side of the shell, and gross appear- 
ance of the outside of the shell. 


***==="- FAT/SUGARS + STARCH 
—-—- PROTEIN / SUGARS + STARCH 
———  FAT/ PROTEIN 
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Fig. 8. Ratios of fat, protein, and carbohydrates in Virginia Bunch seed, 1948. 


The Virginia Bunch plants were tagged July 19, 1948, when the first and 
most fruitful growth of the gynophores appeared ; 70 days elapsed between 
planting and the date the tagged gynophores entered the soil. About 10-15 
days were required for the gynophores to enter the soil after the flowers 
appeared, however, considerable variation in time was noted as has been 
already reported by Pate. and SesHapri (7). Increases in dry weight, fat, 
and protein in the seed followed curves sigmoid in shape, typical of plant 
development, the curves tending to flatten as maturity approached. On this 
evidence as well as by organoleptic tests, 60 + 7 days were required for pea- 
nuts to mature under the conditions of these experiments. Time required for 
maturity probably varies considerably with the season. Evidence of over- 
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maturity as shown by browning of both the testa and inside of the shell 
occurred when peanuts were left in the soil 70 days after tagging (140 days 
after planting). 

Summary 


The chemical composition of developing Virginia Bunch peanut seed, for 
two seasons (1947 and 1948) is recorded on a percentage basis as well as a 
weight per seed basis. 

Fat and protein content increase only slightly on a percentage basis 
during the last two weeks preceding maturity ; however, when calculated on 
a weight per seed basis, these constituents increase considerably since the dry 
matter of the seed continues to rise. 

With the exception of reducing sugars present in the early stages in small 
amounts and later only in traces, sucrose is the only soluble sugar in the seed 
and is considered the transport sugar. The percentage of sucrose decreases 
as the seed develops ; however, at maturity a slight increase in content of this 
sugar occurs. Starch also decreases as the seed ripens. The total percentage 
of sugars and starch approaches a constant value in the fortnight preceding 
maturity. The hemicellulose fraction increases throughout the development 
of the seed. 

The ratios of protein-carbohydrate, fat-carbohydrate, and fat-protein 
increase as the seed develops. 

In the shell, hemicellulose increases throughout development; while the 
percentages of total dry matter, fat, crude protein, sugars, and starch de- 
crease. 

From one season’s results, it appears that Virginia Bunch peanuts require 
130 + 7 days from planting or 60 + 7 days from the entrance of the gyno- 
phores into the soil to produce seed at the optimum stage for harvesting. 


The writer gratefully acknowledges the generous cooperation of W. K. 
Bailey, Bureau of Plant Industry, Soils, and Agricultural Engineering, 
United States Department of Agriculture and K. T. Holley of the Georgia 
Experiment Station. 
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Introduction 


Accurate crop yield estimates at the earliest possible date are of major 
importance to producers, handlers, warehousers, railroads, and consumers, 
whose plans and operations depend upon the knowledge of present and fu- 
ture stocks of their commodity. 

Past attempts at crop prediction have been largely of two types. The 
Crop Reporting Board of the U. 8. Department of Agriculture has prepared 
its reports from questionnaires sent to large numbers of correspondents. 
The average of many individual estimates, corrected on the basis of past 
experience, has been, and probably still is, the most reliable prediction 
method available. It is obvious, however, that supplementary, objective 
measurements would greatly increase the value of present estimates. The 
second method used in the past has attempted to supply objective predic- 
tions from Weather Bureau data, and many reports have been published on 
the correlations between various climatic factors, particularly seasonal rain- 
fall and temperatures, and crop yields (5). 

Statistical studies of published weather and crop records have not proved 
to be a promising basis for crop yield predictions. Consequently a Crop- . 
Weather-Yield Project was set up by the Agricultural Marketing Service, 
cooperating with various State Agricultural Experiment Stations, to deter- 
mine more specifically the physiological effects of climate on plant develop- 
ment. This project was intended ‘‘To improve the regular forecasts by 
discovering and applying relationships between yield and weather factors, 
and to include in an objective basis for forecasting the relationship of strue- 
tural counts, measurements, and phenological records with yields, either 
separately or with weather factors.’’ The work with corn was started in 
1938 and centered in the lowa Agricultural Experiment Station with the 
Statistics, Botany and Plant Pathology, Agronomy and other Sections co- 
operating. Detailed studies of crop development and micro- as well as 
macroclimate were made on the station plots at Ames in 1938, 1939 and 1940. 
The results of these studies have been summarized by Barr (2,3). Less de- 
tailed studies were made at other corn-belt Stations in 1939 and 1940, a part 
of the results of which have been published by KELLER (7). 

1 Journal Paper No. J1669, lowa Agricultural Experiment Station in cooperation with 


the Bureau of Agricultural Economics, Division of Crop and Livestock Estimates, U. 8. 
Dept. of Agriculture. Projects 610 and 678. 
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When it became evident that the Experiment Station plots at Ames 
formed too narrow a base for the development of correlations and regressions 
of preharvest measurements and yield, plots were established in the fields 
of cooperating Story County farmers to obtain moderately intensive records 
from fields specifically chosen to give a wide variation in soil fertility and 
yield. 

The present report is based upon these studies and is an attempt to deter- 
mine the preharvest measurements most likely to be of value in yield predic- 
tion, together with practical considerations of methods of collecting such 
data under field conditions. It is not assumed that the equations developed 
from these data will be of universal application. The principles and 
methods used, however, are thought to form bases for the prediction of corn 
yields. 


Methods 


Twenty-five areas of 8x8 hills were selected in farmers’ fields near 
Ames in 1941 and 20 areas in 1942. These areas were chosen to represent 
poor, average and good yields and were not necessarily representative of the 
fields of which they were a part. Each experimental area was divided into 
16 plots of four hills each. Half of these plots were used for all those 
measurements which would not affect their value as a record of final yield. 
The remainder were used for early harvests, early tests of shucked against 
unshucked ear measurements, ete. 

All of the fields in 1941 and all but one in 1942 were planted with hybrid 
seed. Eleven varieties were included in 1941 of which Ia-939, planted on 
eight fields, was the most popular; 1942 varieties were comparable. Soils 
varied from Dickinson sand, a terrace soil of low yielding capacity, through 
Wabash, Webster and Clarion sandy loams to silt and clay loams. The plots 
thus included a cross section of central Iowa varieties and soils. 

Measurements were made in four groups: measurements of stand, leaf 
area, height, basal stalk diameter, and date of 50% silking in July or early 
August ; ear counts and ear growth measurements in August; ear size with 
and without shucks and early harvest yields in September, and final ear sizes 
and harvests in October. Actual dates of measurements were based upon 
stage of development, calculated from date of 50% silking, and varied be- 
tween fields and between years by as much as two weeks. Stalk and ear 
diameters were taken with calipers. Stalk diameters were taken as maxi- 
mum, or maximum and minimum diameters of the somewhat flattened stalks, 
in the first internode which was not blocked by brace roots. Ear diameters 
were taken at the center of the ear, either over the shucks (unshucked) or 
over the grain (shucked). Stalk height was measured after silking to the 
ligule of the uppermost leaf and recorded as maximum ligule height. Leaf 
measurements included number of active leaves per stalk and area (length x 
max. width) of the leaf arising at the same node as the upper ear (ear leaf). 
Ear length was measured with a steel tape as length of cob covered with 
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developing grain. Some difficulty was experienced in estimating grain posi- 
tion when measuring young ears over the shucks. By September 1 estimates 
of shucked measurements could be made from the ratios of shucked to un- 
shucked measurements of ears on the extra plots or on adjoining rows. At 
final harvest both unshucked and shucked measurements were obtained on 
all ears. 


Vegetative measurements 


The development of the corn plant can be divided into five reasonably 
distinct stages (6, 12), each with its own responses to weather and its own 
relation to final yield. These stages are: (a) early vegetative growth from 
planting to flower differentiation ; (b) rapid vegetative growth from a plant 
height of about 50 em. to silking; (c) pollination and fertilization; (d) 
grain production from fertilization to maximum dry weight of the grain; 
and (e) maturation or drying of grain and stalk. 

The first developmental stage includes germination, the seedling stage, 
and early leaf growth during three or four weeks of independent develop- 
ment of the plant. At the end of the period the plants are knee high, the 
above ground parts are limited to leaf sheaths and blades, the tassel is micro- 
scopically visible at or below the ground surface level, culm development is 
largely embryonic, but the maximum number of leaves, the maximum num- 
ber of vascular bundles and the maximum number of ovules on the em- 
bryonic ear shoots are already determined (6). The potentialities of the 
plant are therefore established during May and early June, and this first 
period is of great theoretical importance in yield prediction. Actually, 
however, weather is seldom limiting during this period except as it affects 
stand ; and soil fertility, which is included in the base norms of crop predic- - 
tion, is the major factor. Also the corn plant so seldom reaches its maxi- 
mum potentialities under field conditions, and has such extensive powers of 
recovery from apparently serious early setbacks, that objective measure- 
ments during this period can probably add nothing beyond the stand and 
seasonal development factors already covered by crop reporter correspond- 
ents. 

The ability of corn to recover from early unfavorable conditions is 
illustrated in table I. Full stands of six stalks per hill on eroded Clarion 
soil were thinned to two stalks and fertilized with 450 lbs. per acre of 4-8-6 
fertilizer; (a) at germination; (b) at the end of the early vegetative growth, 
or (c) at silking when vegetative growth was complete. Plants of the second 
thinning were significantly smaller than those of the first in stalk size, but 
were not significantly smaller in yield or ear size. Even when the extreme 
crowding was continued until silking, the later, more favorable conditions 
resulted in a significant gain in ear size without any change in stalk 
diameter. 

During a period of four to six weeks following the initiation of the stami- 
nate and pistillate inflorescences, the leaf area of the corn plant increases 
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five to 10 times and the weight of the culm by 50 to 100 times (12). The 
average stem elongation during this grand period of growth may be four 
inches a day. The number of leaves, nodes and bundles was fixed during the 
first growth phase ; at the end of the second the size of these organs has been 
determined, and maximum stalk height, stalk diameter and leaf area may 
now be measured. 

Farmers’ field plot records 


The measurements of the Ames cooperative plots, both those taken at the 
end of rapid vegetative growth and during ear development are summarized 
in tables II and III. Iowa corn yields in 1942 are the second highest on 
record, state average 59.9 bu., and the better growing conditions of the 
second season are reflected in the 17% greater average yields in table III of 
the fields selected along the same highway route. None of the vegetative 
measurements of average height, stalk diameter or stand predicted this 
greater yield. In fact it did not show fully in any measurement before final 
dry weight of ears. We could assume from this result, remembering the 


TABLE I 


DEVELOPMENT OF CORN PLANTS CROWDED FOR VARYING PORTIONS OF THE GROWING SEASON 








AVERAGE BARREN TOTAL YIELD Ear EAR WT. 
TREATMENT STALK STALKS, IN BU. wT. GAIN OVER 
DIAM., CM. % ACRE GM. CKS., % 





. Ck—6 stalks—unfertilized 
. 6 stalks—fertilized 


112.6 227.5 : 

117.8 239.0 5 
57.6 295.0 30 
73.2 387.0 70 
76.0 390.5 72 


. Thinned to 2 stalks at silking - 
. Thinned at knee high 
. Thinned at germination 


Do et ee 
CODD 
NAIWAS 





recovery of the late thinned plants shown in table I, that the yield differ- 
ences in 1941 and 1942 were due to conditions acting upon ear development 
after an average date of August 1. In other words the yield potentialities 
of the two crops were identical at this stage. For comparison, the August 1 
yield predictions for Iowa in the two years were 52.0 bu. in 1941 and 53.0 bu. 
in 1942. Final, revised yields for the two years were 51.0 and 59.9 bu. 

In spite of the apparent discrepancies between vegetative growth and 
yields of the two years, correlations between measurements on individual 
plots and yields were high and statistically significant in every comparison 
(table IV). No leaf measurements were made in 1942 so the table is incom- 
plete in leaf correlations. Maximum ligule (stalk) height gave correlations 
with yield of r=0.79 and 0.76 in the two years. In 1941 the inclusion of 
stand in a multiple correlation with height and yield gave a highly signifi- 
cant increase in the correlation coefficient. In 1942, perhaps because some 
poorly tended fields were thickly planted, stand did not appear to have been 
a factor in yields, even though average stands for the two seasons were com- 
parable. 
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In 1941 maximum stalk diameter gave the poorest correlation with yield 
(r=0.61) of any vegetative character measured; in 1942 stalk diameter 
gave the highest correlation (r= 0.92). The difference is considered to be 
confirmation of the generally more favorable late season in 1942 so that the 
yields were more nearly proportional to the maximum capabilities of the 
plants as determined by the factors associated with stalk size—bundle num- 
ber, root number, leaf area, ete. Striking evidence for such a relationship 
was obtained from the 1941 thinning experiment. The regressions of ear 
weight on stalk diameter for the thinning treatments of table I are shown 
in figure 1. The plants thinned at emergence to two plants per hill pro- 
duced the largest stalks—so large that they were not limiting for yield and 
so showed no correlation. With later thinning, or no thinning, stalk diam- 
eters became limiting for yield and showed significant correlations with 
ear weight for all plots. 


TABLE IV 


CORRELATIONS AMONG VEGETATIVE MEASUREMENTS AND BETWEEN VEGETATIVE MEASURE- 
MENTS AT SILKING, AND YIELD 








1941 DATA, 1942 DATA, 
LINEAR RELATION correLation® DEGREES copreration* DEGREES 


COEFFICIENT — COEFFICIENT ” 





1, Max. ligule height and stalk 
diameter 


828 -720 18 

Max. ligule height. ‘and min. 

stalk diameter 881 sa 
Max. ligule height and yield .791 d 18 
Max. stalk diameter and yield .614 92 18 
Number of leaves and yield -700 nes 
Ear leaf (Lx W) and yield 722 
- Max. ligule height, mx. stalk 

diameter and yield ... .794 
Max. ligule height, number of 

leaves and yield . , 816 
Max. ligule height, stand and 

yield ... 872 
Ear leaf (Lx W), number of 

ears and yield ..... 810 


2. 
3. 
4. 
5. 
6. 
7 

8. 
9. 


> 





* All correlations shown highly significant, beyond 0.01 level of probability. 


The data of table IV and figure 1 suggest at once the possibilities and 
limitations of vegetative measurements in crop prediction. The limitations 
are inherent in the fact that none of the marketable grain crop has been 
produced when vegetative growth is complete. Such growth represents 
potentialities whose realization is dependent upon subsequent environmental 
conditions as well as upon the genetic constitution of the plants. 

Of the four practicable vegetative measurements, stand, height, stalk 
diameter, and leaf area, stand should probably receive first attention. Stand 
counts will, however, be of little value until regression curves for modern 
varieties and varying climatic sequences have been developed. Attempts to 
apply specific formulae to stand counts will be complicated by the geometric 
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factors involved, with yields tending to decrease above optimum stands, 
and responses varying with season and soil fertility. Reeent work by 
NELSON and DuMmENtL (11) indicates the responses to be expected. Corn 
planted at a rate of 2, 3, and 4 stalks per hill gave yields of 59, 67 and 62 
bu. per acre respectively with hill fertilizer treatment only, and yields of 71, 
83 and 92 bu. per acre with hill fertilizer plus 600 lbs. per acre of 8-8-8 
fertilizer. On Webster clay loam with no fertilizer, yields decreased when 
a stand of five stalks per hill was used instead of four but on fertilized soil 
yield increased with the heavier stand. This same relationship was found 
for Clarion loam and Wabash silt loam. 





REGRESSION OF WEIGHTS OF MAIZE. EARS ON STALK DIAMETER-1941 
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Fig. 1. Regression of ear weight on stalk diameter. 


Stalk height and diameter both show varietal differences not closely asso- 
ciated with yield. Within a variety or group of varieties, stalk diameter 
might be expected on the average to show a higher correlation with yield 
than height which is markedly influenced by simple internode elongation. 
Some of our observations suggest, however, that stalk height is a better index 
of yield within varieties than its physiology would predict. Internode 
elongation is particularly sensitive to moisture and temperature during the 
month before tasseling, and is affected by growth hormone production dur- 
ing the development of the inflorescence (18). To the extent that July 
weather is a major factor in corn production, and to the further extent that 
favorable July weather means favorable soil moisture reserves, stalk height 
will have a yield prediction value beyond its theoretical physiological role. 
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Leaf area is a major factor in total dry matter production by the corn 
plant (19) since rates of photosynthesis per unit of leaf area do not vary 
systemically, even between inbred and hybrid lines. Marked loss of leaves 
during midseason drought will undoubtedly reduce yields, although the 
estimation of leaf effects will be complicated by failure of pollination and 
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Fig. 2. Accumulation of dry matter in the grain of corn. 


embryo development. In the absence of drought injury, leaf area tends 
to be rather closely correlated with stalk diameter and height, which are 
more readily measured and would thus be given preference in an action 
program. 


Ear measurements 


In contrast to vegetative measurements which indicate the potentialities 
of the plant, ear measurements begin to measure yield itself. Ear develop- 
ment divides naturally into four phases, the first three of which affect yield 
directly and the fourth is important in crop prediction in relation to possi- 
ble frost injury. 

Ear shoot development, pollen formation, and fertilization may be 
thrown together as the first phase; a highly important and vulnerable one 
in the production of the corn crop. Fertilization is followed by three weeks 
of rapid growth of ear shoot, shucks, cob and young kernels. The over- 
shuck dimensions of the ear reach their maximum in this period (cf. fig. 3). 
The ear growth phase is followed by four weeks of translocation and filling 
of the kernels to maximum size and weight at 30 or 40% moisture (15), and 
finally the physiologically mature crop dries with a minimum of chemical 
change to harvest maturity at about 20% moisture. 
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THE FERTILIZATION PERIOD 


The development of the young ear shoots and tassels is again primarily 
growth (10). Temperatures above 90° F slow development, particularly 
when accompanied by moisture deficiencies. Mineral nutrients, especially 
the protein-building elements nitrogen and phosphorus, should be present 
in abundance, but their supply, except as it is affected by soil moisture, is 
included in the base norms of the crop prediction service. With open-pol- 
linated varieties unfavorable conditions just preceding tasseling result in 
increasing percentages of stalks that fail to develop ear shoots to the silking 
stage. Hybrid varieties have a much stronger inherent tendency to form 
ear shoot, but one of the writers (15) found silking slowed three to five days 
and silking time spread out by the dry weather of 1947, until 6% of the 
stalks of a good hybrid variety failed to silk and another 4% silked too late 
to be pollinated. In addition, a large percentage of the ears were only 
partially filled in 1947. In the favorable season of 1948 total barren stalks 
amounted to only 3%. 

Tassels rarely fail to open unless their embryonic development has been 
prevented by hormone type weed sprays (14, 17), but the tassels may blast 
in hot dry weather or pollen may be so short lived as to result in poor fer- 
tilization. Bair and Loomis (4) found germinating corn pollen very sus- 
ceptible to either too much or too little moisture. In unpublished data these 
workers found midday pollination with immediate bagging satisfactory at 
temperatures up to 100° F. Midday pollination with delayed bagging, how- 
ever, gave only 50% fertilization because of drying of the pollen on the 
silks. This difficulty is avoided in the field by the tendency for pollen to be 
shed early in the morning. When silk temperatures were raised to 120° F 
immediately after pollination, fertilization failed, as it did with all lots of 
pollen heated to 125° F before pollination. These temperatures are above 
normal for corn belt fields but are possible silk temperatures with direct 
sunshine and air temperatures on the order of 110° F. It seems probable, 
however, that drying is more closely correlated with failure of pollination 
than heating. Spraying the silks with water 30 minutes after pollination 
resulted in burst pollen grains and poor or no fertilization. 

In addition to failures in fertilization, young ovules, especially near the 
tip of the ear, may abort within a week or two after fertilization. Abortion 
is considered to be a nutritional response, but the relative importance of 
soil nutrient deficiencies, carbohydrate supplies, moisture stress, and perhaps 
the direct effects of high temperatures, has not been determined. Addi- 
tional yield losses may result from incomplete development of tip kernels, 
or from failure of all the kernels to develop to maximum size. 

The production of barren stalks by unfavorable weather conditions can 
be determined within two weeks or less after the silking period, but the in- 
complete pollinations and abortions which result in small and malformed 
ears are harder to estimate, and typically are determinable only at the end 
of the second or even the third growth phase. 
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EAR GROWTH 


Fertilization initiates rapid cell division and enlargement in the kernels, 
and is necessary for normal differentiation of the cob (16). Bagged cobs on 
which grain production is prevented may be normal in size, but are light in 
weight and weak in structure with low percentages of cellulose and lignin. 
Within two or three days after fertilization embryo growth begins to domi- 
nate the entire development of the plant (8, 9). Before this time the ear 
shoot is weak in its ability to compete for foods; afterwards foods move 
toward the ear shoot from all parts of the plant and the forces acting may 
be so strong as to result in starvation and early death of the roots, and in 
weakening, even of the leaves. 

Cell division and enlargement are the dominant phases of ear develop- 
ment for approximately three weeks. Unpublished work by Dr. J. E. Sass 
of the Department of Botany at Ames, shows that cell division in the endo- 
sperm is completed in about two weeks, in the embryo, except the plumule, 
in three weeks, while in the plumule some division continues past the fourth 
week. The cells of the grain enlarge as they divide, but have reached less 
than half of their maximum size at the end of this period. Because of the 
rapid growth and high respiration of the tissues, dry matter percentages in- 
crease slowly and reach about 30%, with ears in the late milk stage, at the 
end of the second period. The cob has now reached approximately its final 
size, but is not yet fully differentiated and shows higher percentages of 
sugars and lower proportions of cellulose and lignin than it will later (16). 


TRANSLOCATION AND FILLING OF THE EARS 


The third stage is dominated by translocation, with some cell enlarge- 
ment but little or no cell division, until maximum ear size and weight are 
reached, the first typically six and the second seven or seven and one-half 
weeks after pollination. 

The gain in dry weight of the developing corn kernels of Pioneer 340, a 
medium maturing variety, is shown in figure 2. Few data points are in- 
cluded for the growth phase since these kernels were too watery to handle 
well. It is clear, however, that the total dry weight of the 3-week kernels 
was only 10 or 15% of the maximum weight reached four weeks later. This 
gain is accompanied by a doubling or more of the size of the kernels and an 
increase in percentage dry matter, on the wet weight basis, from about 30 
to.60 or 70. The cob hardens and decreases in water content during the 
same time, but shows no significant change in dry weight. 

This filling period is less sensitive to weather factors than either of the 
preceding periods, since it involves less cell division and a lower level of 
physiological activity. Photosynthesis is not likely to be reduced below nor- 
mal unless the plants wilt during the day (19), or the lower leaves fire be- 
cause of drought. Translocation and storage also are not particularly sensi- 
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tive except to considerable moisture stresses. On the other hand, some 85% 
of the marketable crop is produced during these four weeks, and even small 
changes in rates can affect final yields. We have already suggested that the 
17% gain in final yields of 1942 over 1941, shown in tables II and III, was 
due to the more favorable conditions for filling in 1942. In 1947 the 
weather was dry after midseason and kernel size was reduced and trans- 
location slowed by moisture stresses and premature drying of the ears (13). 
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Fig. 3. Changes in the size of maturing ears of corn. 


Suaw (15) has found a remarkable constancy in the length of the ear- 
growth and filling periods, with no significant differences between early and 
late varieties grown at Ames in 1947 and 1948. Early varieties reached 
75% silking two weeks before the late, but both reached maximum dry 
weight of kernels 50 or 52 days after silking. The moisture content of the 
early varieties at this physiological maturity was 28 to 30, while that of the 
late was 40%. From the grower’s standpoint the early corn was nearer 
cribbing maturity at the end of its filling period, but it was not ahead in 
percentage of crop produced at any given time after silking. 

Ear size as a possible index of yield is a complex variable. The data of 
figure 3 show that over-shuck measurements reached their maximum at 
three weeks after silking or before and then declined steadily as the shucks 
dried. Under-shuck measurements reached maximum at five weeks and 
declined as the cobs dried and the kernels dented. Oven dry ears showed 
considerable shrinkage at all times, but reached approximately maximum 
size at the 7-week date which was established as the point of maximum 
kernel dry weight. 
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FIELD DRYING 


From approximately seven weeks after silking the maturation of the corn 
crop is a simple drying process subject to weather conditions, and slowed 
somewhat by the shuck covering of the ear. Freezing during this period 
will not affect total yields but. may reduce viability and keeping qualities 
(13). Frozen corn dries more slowly under the same conditions than un- 
frozen (1), and in addition the weather in soft-corn seasons is usually un- 
favorable for drying. Corn at 30% or even at 40% moisture, however, is 
not injured by periods of two or three hours at temperatures above 20° F 
(13), so that frosts, as contrasted to freezes, do not injure the physiologi- 
cally mature crop. 


Estimation of yields from ear measurements 


The preceding discussion shows that fairly definite ear counts and mea- 
surements are available three weeks after silking, or about August 20 at 
Ames in an average year. Ear measurement data could then be used for 
the September 1 and later predictions. The earliest measurements would be 
over-shuck and subject to fairly large errors; by September 15, however, 
accurate estimates of final ear number and weight are possible. 


CORRELATIONS 


The correlations of various ear measurements with yields are shown in 
table V. Even on August 15, shortly after the period of rapid ear growth 
for the earlier fields and during this period for the later, over-shuck meas- 
urements within fields showed high correlations with final weights per ear 
for the same fields and, when corrected for ear number, with per acre yields. 
In general, correlations increased in value at the later dates. Surprisingly 
the correlations for shucked (under-shuck) ear measurements were not sig- 
nificantly higher than for measurements taken over the shucks. The re- 
gressions for yield on over-shuck measurements are more difficult to correct 
for moisture percentages because of their greater change in slope than those 
for shucked ears, but either measurement would seem to be usable. As 
shown by the September 15 and final harvest the maximum correlations to 
be expected are slightly under .98. This is the correlation between ear size 
and dry weight per ear of the same ears. 

A September 15 harvest was used to obtain a comparison between early 
pre-harvest sampling and final yield. The average estimated yield for Sep- 
tember 15 was 66 bushels, while the final harvest was 68 bushels per acre. 
Deviations between the two harvests on individual fields ranged from — 12.2 
to + 18.1 bushels, with the extreme deviations due to a difference in the num- 
ber of ears obtained from small plots. The average dry weight per ear 
was .348 pounds on September 15 and .349 pounds at final harvest. Correla- 
tions for this early harvest are shown in table VI. 
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TABLE V 
CORRELATIONS ON EAR MEASUREMENTS. 1941 AND 1942. 











DEGREES OF CORRELATION 
Factors FREEDOM COEFFICIENT 





1941 
August 15 (63.7% moisture) 
Unshucked (Lx D) and final yield 
Unshucked (Lx D), number of ears and final yield .. 
Unshucked (Lx D) and final dry weight per ear 


September 1 (51.6% moisture) 
Unshucked (Lx D) and final yield . z 
Unshucked (Lx D), number of ears and final yield 
Unshucked (Lx D) and final dry weight per ear 
Shucked (Lx D) and final dry weight per ear 
Shucked (Lx D) x number of ears} and final yield ..... 
Unshucked (Lx D) x number of ears] and final yield 


September 15 (38.5% moisture) 
Unshucked (Lx D) and final yield ...... 
Unshucked (Lx D), number of ears and final yield . 
Unshucked (Lx D) and final dry weight per ear . 
Shucked (Lx D) and final dry weight per ear .... 
{[Shucked (Lx D) x number of ears} and final yield . 
Shucked (LxD), , [shueked (Lx D) x moisture per 

cent] and final dry weight per ear 00m : 


Final harvest (18.4% moisture) 
Unshucked (Lx D) and final dry weight per ear . 
Shucked (Lx D) and final dry weight per ear ........ 
[Shucked (Lx D) x number of ears} and final yield 


1942 

September 1 (58.8% moisture) 
Unshucked (Lx D) and final yield 
Unshucked (Lx D), number of ears and final yield . 
Unshucked (Lx D) and final dry weight per ear 
Shucked (LxD) and final dry weight per ear 
Snack (LxD) x number of ears} and final yield 
Unshucked (Lx D) x number of ears] and final yield 


Final harvest (20.9% moisture) 
Unshucked (Lx D) and final dry weight per ear 
Unshucked (Lx D), number of ears and final yield 
Shucked (LxD) and final dry weight per ear 
[Shucked (Lx D) x number of ears aie sehen to unit 
area basis] and final yield .. 





TABLE VI 


CORRELATIONS ON EAR MEASUREMENTS. 1941. 








Dr CORRELATION 
wig COEFFICIENT 


FACTORS 





September 15 harvest 

Unshucked L. and yield - eens 20 899 
Unshucked D. and a. OS So ere 20 903 
Shucked L. amd yield. ccccccenenenen ‘ 2 916 
Co a ees . 20 905 
Shucked (Lx D) and yield 

(unadjusted for moisture) ..... iain 20 971 
Shucked (Lx D) and yield 

(adjusted for moisture) ....... ee 20 975 
Unshucked L., unshucked D. and yield . 19 971 
Shucked L., shucked D. and yield ... . pit 19 973 
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REGRESSIONS 
Plant measurements are used to obtain regression equations, which may 
then be used to estimate yields. The regression of yield on shucked ear size 
(length x diameter) for September 15 collections in 1941 is shown in figure 4. 
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Each data point is the average of 80 ears from a separate field. Linear 
regression lines for the September 1, September 15 and final harvest dates 
are shown in figure 5. Shrinkage of the ears gives steeper lines for the later 
sampling dates, and the proper regression line can be selected only when the 
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average moisture percentage of the grain is known. For the data of figure 
5 moisture percentages were 51.6, 38.5 and 18.4 for the three dates Septem- 
ber 1, 15, and October 15. When the dimensions of unshucked ears are used 
in regression equations, possible differential rates of drying and shrinkage 
of shucks, grain and cob complicate this moisture correction. 
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Fie. 6. Regression of weight of grain on ear size at final harvest; 1941 and 1942. 


The regression lines for ear size at final harvest (shucked length x diam- 


eter) on dry weight per ear in the two years are shown in figure 6. The 
slopes of the two lines are identical, but the adjusted mean dry weights per 
ear differed at the 5% level as shown by a covariance analysis. That is, 
volume or density, or both, of the grain from ears of the same size was 
greater in the more favorable season of 1942. Since these two years repre- 
sented rather extreme climatic effects, it is probable that the differences 
found here would not be exceeded with comparable varieties, even with a 
wide range of growing conditions, and that a regression based on the com- 
bined data of the two years would be generally useful. This regression 
would be: Y = .0060 x —.5398. With this equation the average size (L x D) 
of the shucked ears, corrected to 20% moisture, would be used to calculate 
weight of grain in pounds per ear, and this figure multiplied by the esti- 
mated number of ears per unit area would give the yield. 


Discussion 


Yield prediction in the grains is complicated by the growth habits of 
plants which complete their vegetative development before flowering. As 
a result, the potentialities of the plants are determined during the first part 
of the growing season while the marketable crop is produced during the 
second. This situation is further complicated in corn by the long growing 
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season required, and by the vulnerability of the crop during its midsummer 
flowering period. The final yield of the corn crop is thus determined dur- 
ing the five, partially independent periods of: (a) germination and early 
seedling growth, which determine stand; (b) vegetative growth to tasseling 
and silking, which determines the absorptive and photosynthetic capacities 
of the plants; (c) pollination and fertilization, which fix the possible num- 
ber of kernels per plant; (d) grain growth during a 3-week period of 
active cell division, which largely fixes the final number of kernels; and (e) 
filling of the grain during four weeks of translocation and storage, when 
the actual crop is produced. 

Stand is considered in the present questionnaire method of crop pre- 
diction. It could be measured more accurately with actual counts by 
trained personnel in large numbers of fields. The value of such counts 
would be questionable, however, first because weather conditions after this 
period have too much affect on yield to enable more than an estimate of 
yield by any method, and second because the regressions of yield on stand 
depend upon soil fertility and upon moisture supply. Soil fertility can be 
predicted, but moisture supply cannot. In dry years or on less fertile 
soils in the corn belt, maximum yields are obtained with stands of 7,000- 
10,000 plants per acre, or between two and three stalks per hill. Under 
the most favorable conditions, yield rises slowly to stands of 20,000 stalks 
or more, particularly when the plants are drilled in narrow rows. Such 
heavy stands under unfavorable conditions of moisture and fertility, how- 
ever, may reduce yields drastically. 

Vegetative growth fixes the absorptive, translocation and photosynthetic 
capacities of the plants and thus their potential yield. Since none of this 
yield has been produced, however, detailed measurements on a large scale 
are still unjustified. The correlations shown in table IV indicate the diffi- 
culties, as do the regressions of figure 1. Maximum variation in correla- 
tion coefficients, r = 0.6 to r = 0.9, was obtained for the same measurement, 
stalk diameter and yield, in two seasons. In figure 1 the ear size for stalks 
of 1.5 em. diameter varied with stand from about 175 to 275 g. It seems 
probable that no vegetative measurement would be uniformly valuable 
enough to justify its collection on a large scale. 

Fertilization can be predicted to a limited extent by the general moisture 
and temperature levels just preceding silking, and can be measured quanti- 
tatively within two weeks afterward. Under certain conditions an objec- 
tive check of correspondents’ estimates would be useful and justifiable. 
Normally this check might be taken three weeks after silking when maxi- 
mum over-shuck ear size has been attained (fig. 3), and the cell division 
phases of the crop completed. Only 15% of the weight of the corn crop 
has been accumulated in the ears at this time (fig. 2), but the critical 
growth phases are over and an objective measurement, weighted again by 
current moisture supplies, would have definite prediction value. 

Four weeks after the end of the cell division phase of ear growth, and 
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usually in the last half of September, the crop is made, even though mois- 
ture in the grain may run as high as 40%. Accurate yield predictions are 
now possible and might frequently be valuable, in local areas at least. A 
procedure used in another phase of the study reported here consists of 
random sampling of farmer’s fields at five to 10 mile intervals. The sample 
route is planned so that mileage in each area is proportional to acreage. 
Measurements can consist of as little as a count of the ears on four to six 
hills and measurements (L x D) of the ears on one hill. An oceasional ear 
is brought to the laboratory in a moisture proof bag for moisture determina- 
tion and the establishment of the proper regression equation (fig. 5). Cal- 
culated yields usually have to be adjusted downward to agree with Asses- 
sor’s records, probably because of a tendency of growers to underestimate 
shelling percentages at the time of cribbing. 


Summary 


Twenty-five areas of 8 x8 hills of corn were selected in farmers’ fields 
near Ames, Iowa in 1941, and twenty areas in 1942. Within these areas 
eight plots of four hills each were used for individual stalk and ear rec- 
ords which started at silking and continued until final harvest in October. 
The other eight plots were used for moisture samples, comparison of over- 
shuck and under-shuck ear size, early harvests, ete. 

Measurements on each of the record stalks started in late July with 
stalk diameter, height, area (Lx W) of the leaf at the ear node, and con- 
tinued with records (Lx D) of the growth of the ears during August and 
September, to final ear measurements over- and under-shuck, weights and 
yields of dry grain for each ear. 

Soils varied from Dickinson sand through Clarion, Webster and Wa- 
bash sandy loams to silt and clay loams. Yields varied from 24 to 146 
bushels an acre. 

Correlations between stalk (ligule) height and yield were r=0.79 in 
1941 and r= 0.76 in 1942. The inclusion of stand in a multiple correlation 
of height and yield gave a significant increase in the correlation coefficient 
in 1941, but had no effect in 1942. Stalk diameter gave the poorest corre- 
lation with yield of any vegetative measurement in 1941 and the best cor- 
relation in 1942. The difference is explained on the basis of the favorable 
late season weather in 1942 which enabled the plants to reach more nearly 
their maximum potential development. 

Over-shuck ear measurements reached a maximum two or three weeks 
after silking and then declined as the shucks dried. Under-shuck measure- 
ments reached a maximum five weeks after silking, and dry weight of 
grains, seven to seven and one-half weeks after. The correlation between 
ear size three weeks after silking and ear size at harvest was r=0.94. Cor- 
relations of 0.90 to 0.98 were obtained between all early ear measurements 
and final weight of ears, or, when corrected for number of ears, between all 
early ear measurements and yield. 
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The regressions of yield on ear size (Lx D) were as follows in 1941: 
September 1 (51.6% moisture) Y = .0046 x — 0.0986 
September 15 (38.5% moisture) Y = .0051 x — 0.1235 
October 15 (18.4% moisture) Y = .0059 x — 0.1640 


As an average of the two years the regression at harvest was: Y = .0060x 
— 0.5398. 
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The blue lupine (Lupinus angustifolius L.) is grown widely in the south- 
eastern states as a winter cover and green manure crop because it yields 
more green matter and more harvestable seed per acre than do other soil-pro- 
tecting and soil-building plants used in this region. Several problems in 
the production of viable blue lupine seed stock, however, have prevented the 
broad acceptance which this plant merits. Among these are: (1) the me- 
chanical injury to some seeds inevitably resulting from the practice of 
threshing the crop from immature pods to avoid dehiscent seed losses in 
the field ; (2) the practical difficulty of providing cool, dry storage facilities 
during the usually hot, humid summer storage period; and (3) the marked 
decline in germinability which often occurs even under apparently favor- 
able storage conditions (7). Artificial drying and recleaning of seeds at 
time of harvest have reduced seed losses materially, but the shortage of seed- 
drying facilities and the necessity for empirical drying methods have de- 
layed the full use of artificial curing potentialities. 

Blue lupine seeds mechanically dried to about 10% moisture can be safely 
stored at somewhat higher temperatures and humidities than can most 
naturally dried lupine seeds. This may be due to drying effects on seed 
coat permeability or on hygroscopicity of seed colloids. It is more prob- 
able, however, that most field-cured seeds are not dried to a safe storage 
moisture content (12% or less) and may contain even as much as 18% mois- 
ture (13) when apparently dry enough to store. 

Little work on the physiology of the blue lupine seed has been reported. 
It often has been noted that the seed is unusually hydrophilic. Blue lupine 
seeds of 10% moisture when immersed in water may increase over 175% in 
volume and 165% in moisture content (dry weight basis). Corresponding 
figures are considerably lower for even such highly hygroseopie seeds as 
garden peas or beans, where similar treatment produces volume increases 
of about 125 to 130% and increases in moisture content of about 110%. 

-McKeg and Must (13) found daily moisture fluctuations of as much as 
2% in blue lupine seeds exposed to normal atmospheric humidity changes. 
Fluctuating humidity has been shown by Barton (2) to be more harmful 
than constant humidity of comparable value in its effects on viabilities of 
certain seeds. McKrg and Musm, (13) also showed that blue lupine seeds 
take up more than twice as much water from a nearly saturated atmosphere 
at 35° C as at 20° C. These results are contrasted with those of Karon 
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and Hiuuery (11) who report that the moisture in peanuts was little affected 
by increasing the temperature from 25° C to 35° C. They confirm numerous 
observations by growers and seedsmen that blue lupine seeds fluctuate 
greatly in moisture content during storage, which helps to explain the fre- 
quent decline in viability with subsequent heavy losses to some seed growers. 

Moisture changes in blue lupine seeds resulting from variations in atmos- 
pheric humidity and temperature are characteristic of most seeds, which tend 
to assume a moisture content in equilibrium with the moisture held by the 
air at a given temperature and pressure. However, this seed moisture per- 
centage, called the hygroscopic equilibrium, differs widely among seeds of 
different species of plants both in amount and in rate at which it is reached. 
It also varies with seeds of the same species or variety, depending upon such 
factors as age of seeds and conditions of growth, harvest, and storage. 
There is little basis for predicting the hygroscopic equilibrium of a particu- 
lar type of seeds, except that oil-rich seeds generally have lower equilibria 
than those of cereal grains. LArMourR ef al. (12) and Karon (9) have 
shown, however, that if recalculated on a lipid-free basis, the hygroscopic 
equilibria of several types of seeds are brought into rather close agreement. 

The extreme variations among comparable lots of blue lupine seeds in 
loss of viability when stored under similar conditions, and the unexplained 
decline in germinability of some seed lots when stored under apparently 
favorable conditions emphasize the need for fundamental research on re- 
sponse of lupine seeds to their environment. These anomalous results have 
been noted even under experimental conditions (13). Because of the impor- 
tance of the hygroscopic equilibrium and its rate of attainment in deter- 
mining the storage behavior of seed, a series of experiments was begun at 
the Alabama Agricultural Experiment Station to investigate the relation of 
the hygroscopic equilibria of both naturally and artificially dried blue lupine 
seeds to their viability. Three methods of determining the equilibria at 
different humidities were used: (1) saturated solutions of various salts, 
(2) sulphuric acid solutions, and (3) an electric hygrometer. 


Materials and procedure 
SEED SOURCES 


NATURALLY DRIED SEEDs.—All experiments in 1947 on hygroscopic equi- 
libria and germinability were run with naturally dried seeds. Samples 
of field-cured Alabama seeds used in these tests were obtained from Mr. C. 
P. Storrs of Elmore County, Mr. V. E. Hoover of Baldwin County, and the 
Wiregrass Substation of the Alabama Agricultural Experiment Station in 
Henry County. Initial moisture content of both the Storrs and the Hoover 
seed was 9.0%. The original germinabilities were 95% for the Storrs seed 
and 46% for the Hoover seed. The Wiregrass Substation sample was from 
a seed lot originally 85% germinable, but which had been held over con- 
centrated sulphuric acid for eight weeks. It had a moisture content of 
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3.6% and a viability of 38% (plus 9% ‘‘hard”’ seeds incapable of imbibing 
water) when used for these experiments. Hygroscopic equilibria were 
determined only on the Storrs seeds, but germinability tests after storage 
at the same humidities were also made on the Hoover and Wiregrass Sub- 
station seeds. 

Four series of moisture equilibria experiments were run on naturally 
dried seeds in 1948. Two of these tests, in which 6- and 8-weeks storage 
periods were compared, utilized a commercial grade of seeds obtained from 
E. L. Story and Sons, Macon County, Alabama. This sample had an initial 
moisture content of 12.1% and an initial germinability of 90%. The third 
1948 experiment, which made use of the electric hygrometer to determine 
equilibrium moistures, was run with field-cured seeds of various moisture 
contents harvested from the same field of E. L. Story and Sons, after differ- 
ent drying periods. It was necessary, because of the nature of the electric 
hygrometric method, to dry some of these seeds to lower moisture contents 
than those held in equilibrium with normal air. This drying was done at 
low temperatures (115-140° F) in a forced-draft oven. 

In the fourth of the 1948 experiments with naturally cured seeds, where 
commercial storage conditions were simulated, seeds of four moisture con- 
tent levels were used to determine their comparative storage properties 
when held for six months at five relative humidity levels. The range of 
seed moisture contents chosen was based on information secured from seeds- 
men, and included both the normal and extreme moisture storage percent- 
ages. The four moisture contents thus selected to represent excessive, high, 
average, and low values were, respectively, 21, 16, 13.5 and 10%. Actual 
moisture percentages as determined by the Steinlite electric moisture tester 
for individual samples of the four groups were 20.8 + 0.3%, 15.9 +0.2%, - 
13.6 + 0.1%, and 10.05 + 0.05%. Seeds of all moisture levels had been 
collected from the same field of E. L. Story and Sons after different drying 
periods. 

ARTIFICIALLY DRIED SEEDS.—Market grade samples of lupine seeds from 
two commercial seed drying plants were used in an experiment designed 
to determine possible differences in the total and rate of water absorption be- 
tween these artificially dried seeds and naturally cured seeds. At the time 
of first exposure to the various humidities, one drying plant sample had a 
moisture content of 10.8% and germinability of 97%, and the other a mois- 
ture content of 8.9% and a viability of 93%. Unfortunately, it was not 
possible to run simultaneous tests with naturally cured seeds of the same 
original sources. 


EXPERIMENTAL STORAGE CONDITIONS 


Hvumupiry controu.—Solutions of both sulphuric acid and various salts 
were used to produce the desired relative humidities of the storage air in 
these experiments. The superiority of saturated solutions of pure salts 
and of salt mixtures to sulphuric acid solutions in maintaining constant 
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relative humidities in the closed containers used for hygroscopic equilibrium 
seed studies was recognized, but the variety of salts necessary to produce 
the appropriate range of relative humidities was not available for the 1947 
studies, or in sufficient quantities for the 1948 test simulating commercial 
storage. Sulphuric acid solutions were therefore used in these experiments. 

In all experiments where the lowest obtainable humidities were desired, 
concentrated sulphuric acid of 1.834 sp. gr. (18° C) was used to produce 
initial humidities of very nearly zero. Other relative humidities produced 
by means of sulphuric acid solutions rather than by salt solutions were 
obtained by use of the proper hydrometrically determined dilutions (17) of 
the acid with water. In all laboratory storage chambers employing full- 
strength sulphuric acid or acid mixtures with water, a ratio of weight of 
liquid to weight of seeds of about 5: 1 was provided to minimize the changes 
in relative humidity as the seeds and air came to equilibrium. These changes 
were evaluated in the 6-months commercial-type storage test by hydrometric 
measurements of specific gravities of the humidifying solutions both before 
and after the storage period. 

In those tests utilizing saturated solutions of various salts to produce the 
selected relative humidities, the salts were those used in the extensive hy- 
groscopic equilibria experiments of Karon ef al. (10, 11). Their cor- 
responding relative humidities at 25° C at saturation (8) were: LiCl, 11.1% ; 
KC,H;0,, 22.5% ; MgCl, -6H.O, 32.5% ; K.CO;, 43.7%; Na,Cr,0,; : 2H,0, 
53.3% ; NaNO., 644%; NaCl, 75.4%; K.CrO,, 86.4%; and NH,H.P0O,, 
92.5%. In both the sulphuric acid and saturated salt solution series, dis- 
tilled water was used in all cases where a relative humidity of 100% was to 
be maintained. 

The relative humidities selected for experimentation spanned the range 
of 0 to 100% in those cases where the entire hygroscopic equilibrium curve 
was to be determined. In those studies where the storage behavior of 
naturally or artificially dried lupine seeds was to be investigated for only 
the humidities commonly encountered in storage, the relative humidities 
were chosen to represent the average range and the extremes (50 to 100%) 
that normally would occur under summer weather conditions in the south- 
eastern states. 

All of the laboratory hygroscopic equilibrium tests were run in sealed 
glass containers. In most cases, the seeds were suspended over the humidity 
control liquid in shallow screenwire baskets to permit greatest possible ex- 
posure of the seeds to the moisture of the air. In the 8-weeks storage test 
using sulphuric acid solutions as the humidifying agent, the seeds were simi- 
larly suspended in wide-mouth shallow glass vials. The humidity control 
chambers were not opened throughout the period of storage, except for those 
in the studies of moisture equilibria of artificially dried seeds. With these 
latter tests, it was desired to follow the moisture uptake at regular intervals, 
and the containers were opened weekly to permit weighings of the seeds. 
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Moisture percentages of these seeds at the 1-, 2-, 3-, and 4-week intervals 
were calculated from determinations of relative increases in weight of the 
seeds, based on the assumption that the experimental seeds had the same 
initial moisture content as seed of the same original source on which mois- 
ture percentages had been determined by oven-drying. The equipment 
used to set up the experiment imitating commercial storage is illustrated 
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Fig. 1. (A) Chamber and humidifying equipment used for storing blue lupine seeds 
for six months at various relative humidities. 


in figure 1A, where details of seed-sample size and treatment are shown. 

STORAGE TEMPERATURES.—Laboratory seed storage tests were run at room 
temperatures held as nearly as possible at 25° C. In two series of tests 
using saturated salt solutions for humidity control, and in the determina- 
tions of equilibria employing the electric hygrometer, temperatures were 
carefully held at 25° C by placing the seed storage containers in an insulated 
cabinet in a constant temperature room. The commercial-type storage test 
was run in a ventilated shed exposed to daily and seasonal temperature 
fluctuations. 

THE ELECTRIC HYGROMETER.—Determination of the hygroscopic equilib- 
rium by means of the electric hygrometer approaches the problem of mois- 
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ture exchange from the viewpoint of the equilibrium relative humidities 
produced in confined air by seeds of various moisture contents rather than 
of the moisture contents attained by seeds held at various relative humidities. 
The humidity chamber used for this determination is illustrated in figure 
1B, which also shows placement of the seed samples. Each of the 25 equilib- 
rium points determined by this method was made by holding the seeds in 
the humidity chamber until equilibrium moistures were reached between 
seeds and air. Equilibria were reached in 24 hours in all cases except for 


Fig. 1 (B) Moisture-tight box used for determining equilibrium relative humidi- 
ties produced in confined air by blue lupine seeds of different moisture contents. Sens- 
ing element of electric hygrometer is shown in center of lid. 


the two lowest humidities, where 72 hours were required. Humidity meas- 
urements were made electrically with the hygrometer, a recent development 
of the Bureau of Standards (5) manufactured by the American Instrument 
Company. 


VIABILITY AND MOISTURE TESTS ON SEEDS 


GERMINABILITY TESTS.—<AlIl tests of viability of the blue lupine seeds of 
various experiments were made by placing sextuplicate (in some cases 
quadruplicate) 25-seed samples with 10 ml. of water on filter paper in pre- 
viously sterilized Petri plates which were then held at room temperature 
for 10 days before final counts of germinated seeds were made. 

SEED MOISTURE TESTS.—Almost all determinations of moisture percent- 
ages held by the lupine seeds both before and after storage treatments were 
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made by drying representative samples of the seeds to constant weight at 
105° C in a forced-draft oven. In the commercial-type storage experiment, 
where preliminary rapid estimates of seed moisture of a large number of 
samples were desirable, the Steinlite electric moisture tester was employed. 
Seed moisture determinations with this instrument agree well with oven 
measurements except with seeds of high water content. 


Results 


The hygroscopic equilibria of blue lupine seeds of various initial moisture 
contents and types of prior handling are presented in tables I-IV, inclusive, 
and in figures 2 (A, C, D), 3 and 8. Moisture absorption data for other 
seeds in which equilibria were not reached under all conditions are given in 


TABLE I 


MOISTURE PERCENTAGES AND GERMINABILITIES OF NATURALLY CURED AND OF CHEMICALLY 
DRIED BLUE LUPINE SEEDS AFTER STORAGE FOR EIGHT WEEKS AT VARIOUS 
RELATIVE HUMIDITIES. METHOD OF SULPHURIC ACID SOLUTIONS 








FINAL GERMINABILITY 





N 4 
RELATIVE FINAL NATURALLY CURED SEEDS 
BUMInETY MOISTURE ‘ 

CONTENT* 


(DIITEAL) (WET BASIS) 





sy oe ~austmaet 
VIABILITY VIABILITY : 
= 95%* = 46%* 





% % 

60(7) tt 25(3) tt 41(10) tt 
63(5) 29(2) 41(10) 
63(5) 27(3) 44(8) 
80(1) 45 38(7) 

83 39 54(6) 

95 38 53(6) 

91 21 47(5) 

49 2 53(4) 


3.1 
3.7 
5.7 
7.3 
9.6 
2.3 
0.1 
7.3 


wre 





* Initial moisture content 9.0%. 
t Initial moisture content 3.6% ; initial germinability 38% + 9% hard seeds. 


tt Figures in parentheses represent hard seeds. 

§ Maintained with distilled water. 
tables II and V and in figures 2B, 6, 7, and 8. Tables I, I] and IV and 
figures 6 and 7 also present germinability data for many of these same seed 
lots. Essential information as to important differences in seeds used and 
in types of storage treatment is included with each table or figure. Seed 
moisture equilibria and germinability data are presented together in the 
same tables for convenience in comparisons, but are discussed separately in 
the following sections. 


HyYGROscopic EQUILIBRIA OF NATURALLY AND ARTIFICIALLY CURED SEEDS 


The hygroscopic equilibrium (table I and fig. 2A) for naturally dried 
lupine seeds stored for eight weeks over sulphuric acid solutions shows the 
characteristic moisture-exchange pattern throughout the humidity range 
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Fig. 2. Hygroseopie equilibria of blue lupine seeds. (A) Naturally dried seeds of 
9.0% initial moisture content after storage for eight weeks—method of sulphuric acid 
solutions. (B) Naturally dried seeds of 12.1% initial moisture content after storage for 
six weeks—method of saturated salt solutions. (C) Naturally dried seeds of 12.1% 
initial moisture content after storage for eight weeks—method of saturated salt solutions. 
(D) Both naturally and artificially cured seeds of moisture contents ranging from 3.1 to 
33.6%—eleetric hygrometer method. 
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that can be shown for lupine seeds by use of other methods. The moisture 
percentage of 37.3% for seeds held at 100% relative humidity is somewhat 
higher than has been found with similar treatment in some other experi- 
ments to be described below. These seeds showed a slight mold growth, 
and their relatively high moisture content was no doubt partly attributable 
to a decrease in seed dry matter due to fungal metabolism or to moisture 
held by the fungus mycelium itself. 


TABLE II 


MOISTURE PERCENTAGES AND GERMINABILITIES OF NATURALLY DRIED BLUE LUPINE SEEDS 

STORED FOR SIX WEEKS AND FOR EIGHT WEEKS AND OF ARTIFICIALLY DRIED BLUE LUPINE 

SEEDS STORED FOR FIVE WEEKS AT VARIOUS RELATIVE HUMIDITIES. METHOD OF SATURATED 
SALT SOLUTIONS 
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* Initial moisture content 12.1% ; initial germinability 90%. 

t Initial moisture content 10.8%; initial germinability 97%. 

tt Initial moisture content 8.9%; initial germinability 93%. 

§ Initial 0% humidity with concentrated sulphuric acid; 100% humidity maintained 
with distilled water; humidities of 11.1 to 92.5, inclusive, with saturated solutions of 
salts listed in text. 


Workers using other seeds (4, 9, 10, 11, 12, 15) found that hygroscopic 
equilibrium between seeds and air was reached in five to six weeks or less. 
Preliminary experiments with blue lupine seeds stored over water (100% 
relative humidity) and over twice-replaced concentrated sulphuric acid 
(approximately 0% initial relative humidity) had shown seed wet weight 
changes with each weekly weighing until the seventh week but negligible 
changes from the seventh week onward. It was therefore assumed in all 
subsequent experiments that an 8-week storage period would suffice for 
equilibria to be reached. It is possible that this assumption was erroneous, 
especially at 100% relative humidity where wet weight increases are 
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partially offset by dry weight decreases caused by microbial activity. How- 
ever, it is believed that moisture changes after the eighth week are of no 
practical significance except where obvious seed deterioration oceurs. The 
experiment whose results are presented in table II and figure 2 (B, C) was de- 
signed to show the differences between the 6-week and 8-week storage periods 
in effects on seed-air moisture exchanges throughout the relative humidity 
range. From the preliminary studies and from these data, it was con- 
eluded that naturally dried blue lupine seed apparently requires seven to 
eight weeks to attain equilibrium with air of high and low relative humid- 
ities but not more than six weeks with air of intermediate humidities. Arti- 
ficially cured lupine seeds in contact with air of about 65% relative humidity 
may reach equilibrium in as short a period as three weeks, as shown below. 
Data in table II and figure 2 (B, C) show that blue lupine seeds of 12.1% 
initial moisture content stored at a relative humidity initially at nearly 


TABLE III 


RELATIVE HUMIDITY PERCENTAGES PRODUCED AT EQUILIBRIUM IN CONFINED AIR BY BLUE 
LUPINE SEEDS OF DIFFERENT MOISTURE CONTENTS. ELECTRIC HYGROMETER METHOD 
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0% were dried to 3.8% in six weeks and to 2.2% in eight weeks, while if 
stored at 100% relative humidity, they increased in moisture content by 
absorption up to 25.4% in six weeks and up to 33.7% in eight weeks. The 
difference in the moisture-exchange relationship is clearly shown by the 
slopes of the curves in figure 2 (B, C). 

The electric hygrometer was used in a series of determinations of the 
moisture relations between air and lupine seeds of various moisture contents. 
Excellent agreement was obtained between the curve plotted for data deter- 
mined by the use of the hygrometer (table III and fig. 2D) and the curves 
representing hygroscopic equilibria found in the storage tests for 8-week 
periods in which either sulphuric acid (fig. 2A) or saturated salt solutions 
(fig. 2C) were used. The practical advantage of securing equilibria data 
in 24 to 72 hours by means of the hygrometer over securing them by eight 
weeks’ storage with humidity-control solutions is obvious. The hygrometer 
has the disadvantage of requiring seeds of a complete range of moisture 
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contents. Some of these moisture percentages are below those held in 
equilibrium with the normal atmosphere and must be produced by supple- 
mental pre-drying. 

The equilibrium moistures reached by naturally cured blue lupine seeds 
in the test simulating commercial storage conditions (table IV and fig. 3) 
show that the final seed moisture content is not materially governed by the 
initial moisture content but is primarily a function of the relative humidity 
at which the seeds are stored. The apparent tendency shown by data in 
table IV for seeds of the higher initial moisture contents to have higher 
final moisture percentages after storage at the same initial relative humid- 


TABLE IV 


MOISTURE PERCENTAGES AND GERMINABILITIES OF NATURALLY DRIED BLUE LUPINE SEEDS OF 
DIFFERENT INITIAL MOISTURE CONTENTS AFTER STORAGE FOR SIX MONTHS AT VARIOUS 
RELATIVE HUMIDITIES. METHOD OF SULPHURIC ACID SOLUTIONS 
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* Seeds of all moisture contents stored at 100% r.h. were obviously non-viable. 
t Insufficient seed supply to store at this humidity. 


ities is largely explained by the fact that the relative humidities of the 
confined air in these cases had been increased by the amount of water vapor 
evaporated from the seeds. If all of the final relative humidity data of 
table IV, disregarding original seed moisture contents, are rearranged in an 
increasing or decreasing order of magnitude, the final seed moisture con- 
tents follow essentially the same order. However, in those cases in which 
the final relative humidities for different storage samples were the same, the 
final seed moisture contents were in the same order as the initial percentages. 
For example, with the initial storage relative humidities of 70%, which 
decreased to 68% at the end of six months, the final seed moisture contents 
were 13.5% for seeds initially holding 20.5% water, 12.9% for seeds initially 
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at 15.7%, and 12.5% for seeds initially at 10.1%. Whether further storage 
beyond six months would have equalized these differences is questionable. 

Presented in tables II and V and figures 4 and 5 are results of a test 
set up to determine whether experiment would support the opinion ex- 
pressed by some seedsmen that blue lupine seeds artificially dried to about 
10% moisture content can thereafter be exposed to high humidities without 
serious damage. In figure 4 are shown the results only for the absorption 
of moisture by artificially cured lupine seeds of an initial moisture content 
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Fig. 3. Equilibrium moisture percentages of naturally dried blue lupine seeds of 
different initial moisture contents after storage for six months at various relative humid- 
ities. Method of sulphuric acid solutions. 


of 10.8%, but curves plotted for artificially dried seeds holding 8.9% mois- 
ture when first exposed to the different humidities were quite similar. How- 
ever, figure 5 illustrates the lasting effect of a difference in initial moisture 
content upon the rate at which lupine seeds reach equilibrium with the 
moisture of the air. Although stored at the same humidities, the seeds of 
8.9 and 10.8% initial moisture contents had not reached like moisture per- 
centages after five weeks. As shown above (table IV), seeds initially dif- 
fering in moisture percentages by as much as 4.8% had not reached the same 
moisture content after storage at the same humidity for six months. In 
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R.H.* 100% 





-R.H.* 64.4% 
= 53.3% 
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TIME IN WEEKS 
Fie. 4. Percentages of moisture held by artificially dried blue lupine seeds of 10.8% 

initial moisture content at weekly intervals during storage at various relative humidities. 

Method of saturated salt solutions. 





the 6-month storage test, the use of sulphuric acid solutions for humidity 
eontrol had prevented the maintenance of constant relative humidity 
throughout storage, but in the 5-week test using saturated salt solutions at 


constant temperature, this difficulty was avoided. Time limitations pre- 
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TIME IN WEEKS 
Fic. 5. Percentages of moisture held by artificially dried blue lupine seeds of 10.8 
and 8.9% initial moisture contents at weekly intervals during storage at 53.3 and 100% 
relative humidities. Method of saturated salt solutions. 
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vented running this experiment longer than five weeks, but this period was 
sufficient to show not only that artificially cured blue lupine seeds can take 
up large amounts of moisture from the atmosphere but also that such 
moisture absorption results in greatly reduced viability at the higher storage 
humidities, as will be shown below. 

The rate of absorption of water vapor by artificially cured lupine seeds 
held at various relative humidities is also shown in table V and figures 4 
and 5. Absorption was quite rapid during the first week, subsequently 
leveling off. It will be noted that at a relative humidity of 53.3% for seeds 
from both commercial sources and at 64.4% relative humidity for the seeds 
of initial moisture content of 10.8%, the seeds at first took up moisture in 
excess of their final equilibrium percentages. This type of absorption seems 


TABLE V 


PERCENTAGE MOISTURE AT WEEKLY INTERVALS IN ARTIFICIALLY DRIED BLUE LUPINE SEEDS 
HELD FOR FIVE WEEKS AT VARIOUS RELATIVE HUMIDITIES. METHOD OF SATURATED 
SALT SOLUTIONS 
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% % % % % % 
Commercial 
drying plant A 53.3 10.8 12.2 11.8 11.3 10.9 10.6 
64.4 10.8 12.3 12.1 12.0 12.0 12.0 
75.4 10.8 13.1 13.5 13.8 14.1 14.3 
86.4 10.8 14.8 15.8 16.7 17:2 17.8 
92.5 10.8 15.4 16.6 17.7 18.8 19.6 
100 * 10.8 16.3 17.9 19.4 20.6 22.2 
Commercial 
drying plant B 53.3 8.9 11.3 11.1 10.8 10.6 10.4 
64.4 8.9 11.4 11.4 11.6 11.7 11.8 
75.4 8.9 12.1 12.7 13.3 13.7 14.1 
86.4 8.9 13.5 14.5 15.4 16.1 16.7 
92.5 8.9 14.2 15.7 17.1 18.1 19.1 
100 * 8.9 3 19.2 22.3 








* Maintained with distilled water. 


to indicate a progressive decline in hygroscopicity of the seed colloidal mate- 
rial. The reason for this decrease was not discovered. It seems evident 
from data in table V and figure 4 that seeds of an original moisture content 
of 10.8% stored at 64.4% relative humidity had reached equilibrium in 


three weeks, but that none of the other seeds had attained equilibrium at the 
end of five weeks. 










GERMINABILITY OF NATURALLY AND ARTIFICIALLY CURED SEEDS 





Differences in viability of blue lupine seeds after storage at various 
humidity levels were shown to be governed not only by variation in the 
storage periods and in the humidities at which the seeds were stored, but 
also by such pre-storage factors as degree of maturity, initial moisture con- 
tent, initial viability, and nature of the drying process. 
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Seeds which had been chemically dried to the very low moisture content 
of 3.6% (table I) showed no significant viability differences in treatment 
effects when exposed for eight weeks to relative humidities ranging from 
approximately zero to 100%, although the number of seeds subsequently in- 
capable of absorbing water decreased as the relative humidity of storage 
was increased. The chemical pre-drying treatment of these seeds before 
they were exposed to humidity treatments, however, had reduced their 
germinability from 85% at time of harvest to 38% (plus 9% hard seeds) 
while other seeds of the same original lot stored under laboratory conditions 
showed no viability loss. In all other cases where seeds were stored at ex- 
tremely low humidity levels (tables I and IT), this same decline in germina- 
bility was evident, regardless of initial moisture content or viability. In 
some instances, the differences in germinability were not large enough for 
statistical significance, but the consistently observed reduction in viability 
with low storage humidities throughout all tests leaves little doubt that the 
effect was a real one. It cannot of course be attributed to greater fungal 
activity at low than at medium or high humidities. Hence, it appears that 
extreme drying of the seeds has some permanently detrimental effect that is 
not necessarily connected with subsequent inability of the seeds to absorb 
sufficient water to support the germination processes. 

Significant differences in germinability were shown (table I) between 
air-dry seeds of high and of low initial viability, depending upon the storage 
humidity to which they were exposed. Seeds of high initial viability (95%) 
maintained this same percentage of germinability at a relative humidity of 
65%, with decreases in viability as relative humidity was either increased or 
decreased from 65%. The same sort of decline from a peak in germinability 
with increased or decreased relative humidity was shown in seeds of low 
initial viability (46% ), but the highest viability was here found at a relative 
humidity of only 25%. These differences are perhaps too slight to have 
significance for the number of seeds/used for the germination counts. They 
are supported, however, by similar peaks in germinability in all experiments 
where a complete range of humidities was used. 

Blue lupine seeds stored for eight weeks showed greater injury than 
those stored at the same humidities for six weeks (table Il), as would be 
expected. The peak of germination in the 6-week storage test was at 64.4% 
relative humidity, while it occurred in the range of 22.5 to 43.7% relative 
humidity in the 8-week period, emphasizing the greater damage to seeds 
even of high viability if they are stored at high relative humidities for long 
periods. The higher germination percentages of seeds stored at humidities 
ranging from 0 to 53.3% for eight weeks than of those held at the same 
humidities for six weeks can possibly be attributed to maturation processes, 
since a similar progressive increase in germinability of seeds of the same 
original source was observed in some other experiments as time passed, 
whenever storage conditions were favorable. 








260 PLANT PHYSIOLOGY 


The interactions between initial seed moisture and quality, storage 
humidity, and length of storage are well illustrated in figure 6 plotted from 
data of tables I and II. The relative heights of the five curves and the posi- 
tions of their peaks in relation to atmospheric humidity levels graphically 
emphasize the importance of both seed and environmental factors in deter- 
mining viability changes during storage. 

















RELATIVE HUMIDITY IN PER CENT 


Fig. 6. Effect of storage at different relative humidities on germinability of blue 
lupine seeds of different initial viabilities and moisture contents: 
Initial moisture Initial viability, Length of 
content, % % storage, weeks 
I 12.1 90 
II 9.0 95 
Ill 12.1 90 
IV 3.6 38 
v 9.0 46 


Curve No. 


Germinabilities of the lupine seeds at the start of the test simulating 
commercial storage (table IV) were extremely variable as well as unex- 
pectedly low. This was believed to be due to the fact that many seeds were 
immature at the time of harvest, but may also indicate that the conditions 
which are most favorable for germination of mature lupine seeds are not 
optimum for immature seeds. Data for final germinabilities (see also fig. 7) 
were much more consistent. In addition to the results given in table IV 
and figure 7, seeds of the same four initial moisture levels were also stored 
at 100% relative humidity. Seeds held at this humidity showed such de- 
terioration as to be obviously non-germinable, and germination tests were not 
run. Seeds stored at 90% relative humidity also were greatly damaged 
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(table IV and fig. 7), regardless of initial moisture, although seeds of the 
13.6 and 10.0% initial moisture contents showed significantly less injury 
than did those of greater moisture. 

Data in table IV indicate that blue lupine seeds of 20% moisture ean be 
stored without damage for long periods only at relative humidities less 
than 70%, and probably less than 65%. Seeds of up to about 16% moisture 
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Fic. 7. Germinabilities of naturally dried blue lupine seeds of different initial mois- 
ture contents after storage for six months at various relative humidities. 


content apparently can be stored without injury at humidities up to 75%. 
As was shown in table I, high quality naturally cured seeds of less than 
10% moisture content can be stored without great damage for eight weeks 
at relative humidities as high as 85%. However, due to an insufficient 
quantity of seeds of 10% moisture content for the complete series (table IV), 
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it was not determined whether seeds of this moisture content can be held at 
80% relative humidity for as long as 6 months. 

The supposition of some seedsmen that blue lupine seeds artificially 
dried to about 10% moisture content subsequently do not absorb much 
water even from air of high relative humidity was shown to be erroneous 
(table V and figs. 4 and 5). Germinability data taken simultaneously 
with moisture absorption data for these same artificially cured seeds in- 
dicate strongly, however, that seeds of initially high viability, which have 
been artificially dried soon after harvest, are more resistant to deterioration 
under storage at high humidities than are naturally cured seeds. Table II 
shows high or relatively high germinabilities for seeds held at all relative 
humidities except 100%. How long this high viability would be maintained 
under storage at high humidities remains to be discovered. The nature of 
this resistance to damage is possibly related to a lasting reduction in fungus 
spore populations resulting from the drying process. It should be in- 
vestigated, as it seems to have no direct connection with absorption of water 
by the seeds in which moisture uptake appears to be normal. The seed 
cleaning done in conjunction with the drying may be responsible. 


Discussion 


Results from determinations of the hygroscopic equilibrium of blue lu- 
pine seeds produced by the different methods of sulphuric acid solutions, 
saturated salt solutions and an electric hygrometer showed that the data 
obtained by the three methods were in essential agreement provided that 
equilibrium actually was reached. Blue lupine seeds seem to attain equi- 
librium with humidity of the air more slowly than do many other seeds and 
grains for which results have been reported (4, 9, 10, 11, 12, 15). This 
slower rate of absorption of moisture in the vapor phase is coupled, however, 
with a higher total uptake than is found in many other seeds. Lupine seeds 
also have exceptionally high imbibitional capacity for liquid water, increas- 
ing as much as 165% in moisture content (dry weight basis) when immersed 
in water. It has been assumed by Ramstap and Geppes (14), although 
questioned by Larmour et al. (12), that a high ash content in seeds and 
grain is responsible for an increased absorption of water vapor when the 
seeds and grain are stored at the higher humidities. The blue lupine seed 
is, however, not unusually high in ash content (about 3%), and if ash ele- 
ments are accountable for increasing hygroscopicity at high storage humidi- 
ties in some seeds, this explanation apparently does not hold for blue lupine 
seeds. The unusual moisture sorption properties of blue lupine seeds seem 
to be due primarily to colloidal components of the seeds. 

Most hygroscopic equilibria studies with other seeds have been limited 
to the range of humidities (about 30 to 90% relative humidity) most likely 
to be encountered under the usual storage conditions. Those experiments, 
therefore, have failed to reveal the difference in the type of moisture ex- 
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change between seeds and the water vapor of the air at humidities below 
about 50%, throughout which range the seeds lose moisture to the air rather 
than gain moisture from the air. This difference in the desorption end of 
the moisture equilibrium curve is particularly obvious when experimental 
humidities approaching zero are employed. In blue lupine seed, the rate 
of increase in the amount of water held by the seeds decreases as the rela- 
tive humidity increases up to about 40%. Hygroscopie equilibria studies 
with other seeds (9, 12, 14, 15) have not demonstrated a similar moisture- 
retention pattern for various reasons. When the lowest humidities were 
omitted from experiments, the absence of points for plotting the lower end 
of the curve made an interpretation of its rate and direction of curvature 
difficult. Hence the data often were presented graphically as parabolic 
segments, whereas in some instances, mathematical treatment of the data 
would have made clear the sigmoid nature of the curve. The reversal of 
the rate of increase in water held by the seeds with increasing storage hu- 
midity was clearly shown in these tests with blue lupine seed. It was also 
demonstrated by Karon and ApAms (10) for cottonseed and cottonseed 
products, and by Karon and Hitiery (11) for peanuts. Regression equa- 
tions calculated from data of LarMour et al. (12) for soybeans, flaxseed, 
and sunflower seed can be shown to follow the same pattern, as can those 
computed from data of CoLEMAN and FrELLOws (4) for cereal grains and 
flaxseed. Coleman and Fellows concluded that a parabola most correctly 
portrayed their data, although the curves actually plotted for their results 
were not parabolic. 

In these cases, as well as in the blue lupine experiments here reported, 
computation of regression equations for the best-fitting curves by the method 
of least squares (16) shows that the experimental results are excellently 
represented by curves of the third degree (Y =a+bX+cX?+dX°, where 
Y =seed moisture content and X = relative humidity). Parabolic equations 
do not agree well with the data. 

The regression equations for the hygroscopic equilibria of blue lupine 
seeds held for eight weeks over sulphuric acid solutions, for six weeks and for 
eight weeks over saturated solutions of various salts, and for equilibria as 
determined by an electric hygrometer are presented below: 


H.SO, solutions —Y = 1.868 + .4612X — .01067X* + .00009401X* (fig. 2A) 
Saturated salt 
solutions, —Y = 3.815 + .2468X — .004578X* + .00004265X* (fig. 2B) 
six weeks 
Saturated salt 
solutions, 
eight weeks 


Electric —Y = 1.862 + .3248X — .008101X* + .00008256X° (fig. 
hygrometer 


—Y = 2.079 + .3146X — .006898X? + .00006892X° (fig. 2C) 
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It will be noted that the equation for the 6-week exposure of blue lupine 
seeds to saturated salt solutions differs materially from the other three equa- 
tions. This is true because equilibrium was not actually reached in the 
6-week period. For purposes of better comparison with the other three 
equations, the equation for the electric hygrometer determinations was cal- 
culated by plotting seed moisture content (Y) against relative humidity 
(X) as determined by the hygrometer, although it is perhaps more correct 
to consider relative humidity rather than seed moisture content as the de- 
pendent variable in this instance. 

The four curves of figure 2 are superposed in figure 8 for advantage in 


40 
38 
36 SATURATED SALT SOLUTIONS—(8 WEEKS )}= ————— atte 
36 SATURATED SALT SOLUTIONS—(6 WEEKS )= ----------- 
MpSO, SOLUTIONS — ( 6 WEEKS) = 
ELECTRIC HYGROMETER—(24—72 HOURS ) = ———— — —— 

















RELATE HUMIDITY IN PER CENT 
Fig. 8. Hygroscopic equilibria curves for blue lupine seeds determined by methods 


of saturated salt solutions (6- and 8-week exposures), sulphuric acid solutions (8-week 
exposure), and electric hygrometer (24- to 72-hour exposure). 


comparison. It is evident that moisture equilibrium between seeds and air 
was not reached in six weeks at either the high or the low humidities. The 
divergence of the central portion of the curve representing the equilibrium 
obtained by use of the sulphuric acid solution method is no doubt explained 
by the fact that initial relative humidities were used for plotting purposes, 
whereas the final equilibrium humidities, if determined, would in each case 
have been higher in this moisture range because of the increased moisture 
in the air resulting from evolution of water vapor from the seeds. Similarlv 
inaccurate data in this lower moisture range may be expected whenever 
sulphurie acid solutions are used as the means of obtaining relative humidi- 
ties. It is known that the relative humidity of enclosed air over a sulphuric 
acid solution decreases or increases if in contact with materials having initial 
moistures lower or higher, respectively, than those held by the materials 
after equilibrium has been reached. With saturated salt solutions, on the 
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other hand, water may be lost to dry materials or gained from wet materials 
with which the air over the solution is in contact, but the relative humidity 
of the confined air at constant temperature and pressure is unchanged as 
long as an excess of salt remains. 

The speed and convenience of the electric hygrometer in measuring 
hygroscopic equilibria recommend its use for’this determination. Data ob- 
tained in 24 to 72 hours with the hygrometer were in good agreement with 
those found by the saturated salt solution method in eight weeks. The instru- 
ment is less well adapted to use at the lower humidity ranges, however, where 
it is necessary to pre-dry the seeds to moisture contents below those held 
by seeds in equilibrium with normal air. Whether the slight downward 
divergence of the hygrometer curve (fig. 8) from the salt solution method 
eurve in the lower moisture ranges and its slight upward divergence at hu- 
midities above 85% are characteristic of the instrument remains to be in- 
vestigated. 

The more harmful effect of high storage humidity (table I and fig. 6) 
upon seeds of initially low germinability (46%) than upon seeds of initially 
high germinability (95% ) supports the inference of GiLMAN and SEMENIUK 
(6) and others that, since the principal mold populations found on seeds and 
grains are saprophytes, further deterioration caused by microorganisms 
during storage is greatest in seeds initially low in vitality. Once they are 
established on these low quality seeds, the saprobes are better able through 
the action of secreted toxins to attack the good seeds with which they are 
in contact. Seeds already containing a large proportion of non-living ma- 
terial, therefore, are subject to continuing spoilage by saprophytic organisms 
at humidities which are too loW to favor mold development on seeds having 
high initial viabilities. The predominance of saprobic populations in de- 
teriorated seeds does not preclude the possibility of action of parasitic or- 
ganisms in extensive seed damage, especially where respiratory activity of 
the saprobes has improved growth conditions for all molds (6). 

The effect of decreasing oxygen and increasing carbon dioxide supply 
upon viability in blue lupine seeds in sealed containers of the type used in 
these experiments is not known. In prolonged storage, this change in the 
proportion of these gases would depress the respiration rate, but whether 
carbon dioxide would accumulate in toxic concentrations, particularly in 
the seeds of higher moisture contents, is uncertain. Barton (1, 3) has con- 
cluded that sealed storage favors the maintenance of viability of seeds, ex- 
cept at high seed moisture contents. However, these benefits were most 
marked at temperatures of 5° C or lower, and with seeds stored at room tem- 
peratures, she found that sealing the containers did not prevent extensive 
loss of viability in dandelion and aster (1), or provide any advantage over 
open storage in cinchona (3). Barton attributes the beneficial effects of 
open storage of seeds of high initial moisture content to a drying of the seeds, 
rather than to avoidance of any supposed harmful effect of accumulated 
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carbon dioxide that might occur in sealed storage. She also considers that 
the decrease in germinability of seeds held in containers which are period- 
ically opened is a result of the consequent fluctuations in humidity of the 
air to which they are exposed (2,3). Barton’s experiments ran over much 
longer periods than those on blue lupine reported here. 

In these experiments with lupine seeds, the artificially cured seeds 
(table V) were re-exposed to normal air at weekly intervals when each 
weighing was made to determine moisture exchanges between seeds and air. 
In all other tests, the seed containers remained closed until the end of the 
experiments. Because of differences in initial viability and in length of 
storage, it is difficult to appraise the possible effects of carbon dioxide ac- 
cumulation upon eventual germinability. It seems probable, however, that 
oxygen deficiency and carbon dioxide toxicity were negligible factors in 
seed deterioration under the conditions of these experiments. 


Summary 


1. The relationship at equilibrium between seed moisture percentage and 
relative humidity of the enveloping air was determined for blue lupine seeds 
of moisture contents ranging from 2.2% to 37.3% and for relative humidities 
ranging from approximately zero to 100%. The equilibrium point for any 
particular combination of seed moisture content and relative humidity was 
not significantly different whether determined by means of an electric 
hygrometer or by the use of humidifying and drying solutions prepared with 
sulphuric acid or saturated with selected salts. 

2. Moisture contents of seeds held over the solutions producing the 
various relative humidities did not reach equilibrium with the highest or 
lowest experimental humidities in less than eight weeks. Moisture of seeds 
held at about 65% relative humidity attained equilibrium with moisture of 
the air in three weeks. 

3. The electric hygrometer was found to be a convenient, rapid, and 
accurate means of determining the hygroscopic equilibrium of seeds. The 
equilibrium relative humidities shown by this instrument to be reached in 
24 to 72 hours in confined air in contact with seeds of various moisture con- 
tents were in essential agreement with the humidities found to produce 
these same moisture contents in seeds after prolonged storage. 

4. The rate and total amount of moisture absorption or loss did not differ 
significantly between blue lupine seeds artificially dried with heated air and 
seeds naturally cured in the field. 

5. At relative humidities up to about 40%, the rate of increase in seed 
moisture content decelerated with increase in relative humidity, and there- 
after accelerated with each increment of increase in humidity. The equation 
that best represents this seed moisture-relative humidity relationship is a 
third degree type, rather than the parabolic equation corresponding to the 


curves which usually have been plotted to present hygroscopic equilibria 
data with other seeds. 
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6. The relative humidities at which blue lupine seeds can be stored safely 
depend upon such seed qualities as proportion of cracked or non-viable seeds, 
moisture content, nature of the curing process and age, and such storage 
factors as temperature and duration of storage. Under the conditions of 
these experiments, initial seed viability was the property of greatest im- 
portance in determining safe storage humidities. 

7. In 8-week storage tests, naturally dried seeds of initial germinability 
of 46% decreased in viability if stored at relative humidities above 25%, 
while naturally dried seeds of viabilities of 90% or higher showed little or 
no reduction in germinability if stored at about 65% relative humidity. 

8. Artificially cured seeds showed no reduction in viability when stored 
for five weeks at relative humidities as high as 86.4% and a reduction of 
less than 10% in viability when held for the same period at 92.5% relative 
humidity. 

9. Regardless of their moisture contents at the beginning of storage, 
naturally cured lupine seeds held in closed containers for six months showed 
complete or almost complete loss of viability if their final moisture content 
was above 15% or if the relative humidity of the air of the storage container 
at the end of the period was 85% or higher. Viability losses of 50 to 100% 
were shown by seeds of initial moisture content of 21% held at all relative 
humidities of 70% or higher and by seeds initially holding as little as 13.6% 
moisture if stored at relative humidities of 83% or higher. 

10. Blue lupine seeds during storage showed consistent losses in viability 
at the lowest as well as at the highest experimental humidities. Germin- 
ability declined with both increases and decreases in storage humidity from 
peak germination counts at about 25% relative humidity for low quality 
seeds and at 65% relative humidity or higher for seeds of high initial 
viability. Losses in viability at low storage humidities had no apparent 
relation to subsequent inability of the seeds to absorb normal amounts of 
water, since few hard seeds were produced except during prolonged storage 
at the lowest humidities. 


BOTANY AND PLANT PATHOLOGY AND AGRICULTURAL ENGINEERING DEPARTMENTS, 
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AUBURN, ALABAMA 
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Introduction 


Plants have been used as a source of wax for centuries, and the search for 
plant species that produce more wax of a better quality has been in progress 
for as many years. It has been recognized only for the past few decades, 
however, that various factors other than plant species, such as environment, 
genetic make-up of the plant, and maturity of the plant, may affect the 
quality and quantity of wax exudate. McNair (11) has shown that there 
is a definite relation between the properties of plant waxes and climate ; and 
Conrap and NEELY (2) in a study of cotton showed that an hereditary 
factor controls the quantity of lint wax. Only fragmentary evidence, how- 
ever, has been presented to show that plant maturity may affect the deposi- 
tion of wax on the plant surfaces. Howes (5) observed that the yield of 
wax from the carnauba palm, candelilla, and fruits of bay-berry varied in 
some way with age of the plant organs. DAHLGREN (3) studied the yield 
of carnauba wax from unexpanded and expanded leaves and concluded that 
under some conditions expanded or old leaves yield more wax per leaf than 
unexpanded or young leaves. Studies by Samar and CurBpnauu (13) on the 
wax of Brussels sprout, and JorDAN and CHIBNALL (8) on the wax of the 
runner bean, have shown that wax is synthesized continually throughout the 
life of the plant, with the formation of wax occurring not just at the grow- 
ing tips but in all the plant organs except the roots. It is apparent, there- 
fore, that the synthesis and yield of wax are related to plant age, and that 
the relationship might vary greatly in some cases. It has been the purpose 
of the present study to observe the relation of the yield and the physical 
and chemical characteristics of wax to plant maturity. 


Materials and methods 


On the basis of time of collection and external structural characteristics, 
two ages (young and old) of leaves or stems of Phragmites communis 
(Gramineae) ; Acacia greggii, Acacia vernicosa, Acacia constricta, Olneya 
tesota (Leguminosae); Asclepias linaria (Asclepiadaceae); Beloperone 
californica (Acanthaceae) ; staminate and pistillate plants of Baccharis sar- 
othroides, Aplopappus tenuisectus, and Aplopappus laricifolius (Compos- 
itae) were collected for study from their natural habitats. These species 

1 Present address, Kerckhoff Laboratories of Biology, California Institute of Tech- 
nology, Pasadena, California. 
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are all indigenous to southern Arizona, and are representative of wide 
ranges of environmental conditions of altitude, rainfall, incident light, and 
edaphic factors. Several ages of leaves of Sorghum halepense (Gramineae) 
and pistillate Phoenix dactylifera (Palmaceae) were also studied. Eight 
ages of plant material of 8. halepense were distinguished by their position 
onthe culm. The inflorescence and seven ages of leaves and nodes were col- 
lected separately, progressing from the inflorescence and youngest node and 
leaf at the top to the oldest node and leaf at the base of the culm. The time 
interval between each age of node and leaf was approximately five days. 
From their position on the tree, leaves of Phoenix dactylifera of 0, 3, 12, 
18, 24, and 36 months of age were distinguished for study. 

Several pounds of each age of plant material were collécted and air- 
dried. The residual moisture after drying was 5% or less. A modification 
of the method of CurBNa.t et al. (1) was used to extract and separate frac- 
tions referred to as the wax and non-wax fractions. The air-dried plant 
material was refluxed for two hours with petroleum ether (B.P. 30° to 60° 
C). Decantation of the extract followed by several rinses of the plant 
material with fresh hot solvent completed the extraction. The extract was 
reduced to 250 ml. by distillation of the excess solvent. The wax was pre- 
cipitated as an acetone-insoluble fraction by the addition of 500 ml. of 
acetone. The acetone-soluble fatty substances, or non-wax fraction, were 
recovered by evaporation of the solvent after removal by filtration of the 
so-called wax fraction. The per cent. yield of both wax and non-wax 
fractions was calculated on the basis of the weight of the dry plant ma- 
terial extracted. 

The wax fractions were characterized physically by the determination 
of the drop point melting point (12), with the exception of a few cases in 
which the capillary rod drop melting point (9) was determined because 
only minute quantities of the wax samples were available. Relative hard- 
ness, color, and odor of the waxes were also noted. 

Chemical characterization of the wax and non-wax fractions was ac- 
complished by determining the acid, saponification, ester, and Wijs iodine 
numbers (6). These tests give, respectively, the amount of free acid, sapon- 
ifiable matter, and esters present in, and the degree of unsaturation of the 
lipid fractions from the different ages of plant material. 

At the beginning of the study an attempt was made to correlate the 
variations of wax yield and characteristics with changes in the carbohydrate 
content of the different ages of plant. Determination by the method of 
Hassip (4) of the milligrams per gram of the different ages of leaves and 
nodes of Sorghum halepense of total sugars, reducing sugars, sucrose, and 
starches and dextrins failed to yield any data of apparent significance. 
This line of study was not continued. 

Because the wax yielded from a plant is generally believed to be de- 
rived from the cuticle, the relationship between wax yield and cuticle thick- 
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ness was studied. A small sample of each age of plant material studied 
was killed and fixed in formalin-aceto-alcohol and then run up through the 
tertiary butyl alcohol and paraffin series according to JoHANSEN (7). 
After sectioning at ten microns and staining, the cuticle thickness was 
measured in microns. 


Results and discussion 


The relationship of wax yield to plant age varied with different species, 
and on a weight per cent. basis increased in some cases and decreased in 
others. Nevertheless, in most cases (with the exception of Acacia greggii, 
Acacia constricta, Aplopappus laricifolius, and Phoenix dactylifera) this 
yield change with age was found to be directly related to cuticle thickness 
(tables land II). This indicates that the main source of wax is the cuticle, 
and that only minor amounts of wax would be found in the protoplasm. 
According to earlier studies on Brussels sprout (13) and the runner bean 
(8), wax is steadily synthesized as the plant matures and is not catabolized. 
If this behavior is considered general, then the decrease with age of wax 
yield in several cases of the present study was only an apparent decrease. 
It is probable that by abrasive action of rain, wind, and dust on the cuticle, 
or by flaking and sloughing of the cuticle as the plant matured, the cuticle 
in these cases decreased in thickness and therefore the yield of wax de- 
ereased. Very marked increase of the dry weight of the plants with age 
may also have caused an apparent decrease of wax yield. In general it 
may be concluded that the total wax content of a plant increases with plant 
maturity ; and in species requiring many years to mature, wide variation of 
yield may be found between young and old parts. 

The yields of the non-wax extracts also show considerable variance with 
age, but there is no indication from yields that wax was synthesized at the 
expense of the non-waxes. 

The results in tables I and II and figures 1 and 2 show that the wax melt- 
ing point usually remained unchanged or it increased slightly with age. 
It also will be noted that the iodine number of the wax fraction usually 
decreased with age. A comparison of the two characteristics shows that in 
Acacia greggti, Acacia constricta, Beloperone californica, Asclepias linaria, 
and Sorghum halepense an increase of the melting point with age was asso- 
ciated with a decrease of the iodine number of the same wax. This rela- 
tionship is in agreement with Markiey (10) that the melting point of a 
lipid substance may be raised by a decrease in unsaturation. The decrease 
in unsaturation of the waxes with age may have been brought about by 
oxidation of the wax compounds upon prolonged exposure to the atmos- 
phere. 

In the case of both Sorghum halepense and Phoenix dactylifera, the 
iodine number of the non-waxes increased through several stages of the 
early growth. However, in the most mature leaves the degree of unsatura- 
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tion rapidly decreased in S. halepense and increased rapidly in P. dactyli- 
fera. The increase with age of unsaturation of the fatty constituents is in 
agreement with previous work (8, 13), but the significance of the rapid 
decrease of the iodine number with age of S. halepense is not known. It 
may be that as the old plant parts become desiccated, the unsaturated lipid 
compounds of this species are oxidized more rapidly by atmospherie oxygen. 

The results of acid number determinations show that the amount of free 
acids in the wax fraction of some species decreased rapidly in the very 
young plant growth, and then increased during later growth. The acid 
content from the older material did not reach the amount found in the wax 
from the youngest leaves (figs. 1 and 2). These results may be correlated 


TABLE II 


EXTRACT YIELDS AND THICKNESS OF THE CUTICLE BY AGE OF Sorghum halepense AND 
Phoenix dactylifera 











CUTICLE 
SPECIES : THICKNESS 








trace 0.33 

5 days 0.04 0.55 

10 days 0.05 0.58 

Sorghum 15. days 0.06 0.56 
halepense 20 days 0.05 0.34 
25 days 0.05 0.31 

30 days 0.05 0.25 

35 days 0.04 0.19 


months : 0.1 0.19 
months 0.1! 0.16 

Phoenix 2 months 3. 0.1 0.15 
dactylifera months é 0.19 0.13 
months 0.1 0.15 

36 months 0.15 0.24 


with those of table I. The young plant material of Acacia greggii. and 
pistillate and staminate plants of Baccharis sarothroides were collected in 
avery young condition. The wax acid number from the youngest material 
was higher than that from the old material. Therefore the over-all trend 
appears as a decrease of acid number with age. This is in agreement with 
the over-all trend of the acid number of the wax fractions of Sorghum 
halepense and Phoenix dactylifera. The young plant material of the other 
species of table I was not collected in a very young stage of growth, so that 
the over-all trend in acid number with age of these species was an increase. 
This increase corresponds to the latter part of the acid number curves of 
S. halepense and P. dactylifera. Thus it may be said that without excep- 
tion, in the species studied, the wax from very young leaves had a high acid 
content; that there was a rapid decrease during immediate growth there- 
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after; and that only during later periods of growth did the acid content of 
the wax increase. The significance of the rapid drop of wax acids in young 
leaves is not clear, but it may be associated with the synthesis of wax 
esters, as shown in figures 1 and 2. 


~ 
8 


°¢., IODINE #, ACID #, ESTER # 
g 


25 30 35 
AGE, in DAYS 
Fie. 1. Variations with age of Sorghum halepense of the characteristics of the wax 


and non-wax fractions (Wax: 1-1 melting point, 2-2 iodine no., 4-4 acid no., 6-6 ester no. ; 
Non-wax: 3-3 iodine no., 5-5 acid no., 7-7 ester no.). 


The free acids of the non-wax fraction appear to be related physiologi- 
cally to the non-wax esters and the wax esters and acids. As has been 
discussed, the wax acid content increased with age after the very early 
stages of growth. The ester content of both wax and non-wax fractions also 
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increased with age of the plant. The non-wax acid content, on the other 
hand, remained about the same or decreased with age of the plant. These 
results suggest that cellular fatty acids (the non-wax acids) possibly are 
precursors of the esters of both fractions and the acids of the wax fraction. 
This would account for the decrease of the non-wax acid number and the 
development of the characteristics of the other constituents with age. The 
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AGE, in MONTHS 


Fig. 2. Variations with age of Phoenix dactylifera of the characteristics of the wax 
and non-wax fractions (Wax: 1-1 melting point, 2-2 iodine no., 4-4 acid no., 6-6 ester no.; 
Non-wax: 3-3 iodine no., 5-5 acid no., 7-7 ester no.). 


chemical reactions involved might be that cellular fatty acids condense to 
form higher molecular weight fatty acids that appear in the wax fraction. 
Reduction of the wax acids would form alcohols, and esterification would 
then form wax esters. Similar reactions could account for the increase of 
non-wax esters. The anabolism of the cellular fatty acids themselves, how- 
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ever, is a matter of conjecture, inasmuch as the only mechanisms which 
have been proposed have been largely theoretical. 

Variations with age of the color and odor of the wax and non-wax frac- 
tions are readily interpreted. In general, the color and odor of the extracts 
corresponded to the pigmentation and odoriferous nature of the plant 
studied. No attempt wii! be made, however, to explain certain variations 
with age of hardness and brittleness of the wax fraction. Undoubtedly 
hardness and brittleness of a wax are associated with very complex inter- 
and intra-molecular factors which were not studied. 

It will be noted from table I that the results from the study of staminate 
and pistillate plants of Baccharis sarothroides are frequently at variance 
with the general trends exhibited by the other species. The additional 


TABLE III 


THE WAX AND NON-WAX CHARACTERISTICS OF Sorghum halepense AND 
Phoenix dactylifera BY AGE OF THE PLANT 















































Wax NON-WAX 
AGE OF ———— —_—_——__—_—_—_— 

SPECIES LEAVES MP IoptInE Acip Ester JIopine Acip ESTER 
eogngety NO. NO. NO. NO. NO. No. 
°C 

tops 42.96 34.21 121.30 

5 days 76.5* 3.64 58.79 4.5 49.70 34.70 190.83 

10 days 76.5* 3.99 26.63 105.2 81.16 34.16 97.33 

Sorghum 15 days 76.3* 1.66 31.89 123.9 80.53 38.37 99.02 
halepense 20 days 76.3* 3.73 35.24 57.0 70.58 32.27 120.37 
25 days 76.8* 0.00 23.32 40.3 90.84 35.62 71.31 

30 days 78.5* 0.00 29.88 82.2 39.96 28.45 245.59 

35 days 79.8* 1.55 41.21 83.5 41.74 24.01 197.26 








0 months 80.0 2.19 20.17 30.0 51.12 12.52 54.12 
3 months 79.5 1.67 10.73 49.0 63.40 19.18 76.26 
Phoeniz 12 months 77.5 0.97 13.96 43.0 80.54 25.17 65.15 
dactylifera 18 months 80.0 1.44 3.28 41.1 116.88 25.18 87.11 
24 months 78.5 2.44 12.41 43.0 107.01 22.93 78.60 

36 months 79.5 2.37 


13.25 39.7 158.94 17.90 70.06 










* Determined by the capillary rod method. 


factor, sex, evidently showed precedence over the age factor, and therefore 
caused results at variance with those of the other species. The influence of 
sex on lipid metabolism apparently is quite strong. A study of the sexual 
relationships is being continued. 











Summary 

1. Thirteen species were studied as to the relationships of wax to plant 
age. After extraction with petroleum ether, the lipid extract was sepa- 
rated into wax and non-wax fractions. The yields and physical and 
chemical characteristics of each fraction were determined. All ages of 
plant material studied were also subjected to histological studies of the 
cuticle. 
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2. The yields of the wax and non-wax fractions by age varied differ- 
ently with each species. The yield of the wax fraction varied directly with 
the thickness of the cuticle. 

3. The wax melting point did not change markedly with age, but in some 
species there was a slight increase. This increase in melting point was- 
correlated with a decrease in wax unsaturation. It was suggested that the 
decrease in unsaturation with age is caused by oxidation by atmospheric 
oxygen. 

4. The degree of unsaturation of the non-wax fraction usually increased 
with age. 

5. The amount of wax acids was found to decrease rapidly in young 
plants and then slowly increase as the plant matured. This variation of 
acid content appeared to be related to wax ester synthesis. 

6. The amount of wax esters and acids and non-wax esters increased 
with age. It was considered that this might be correlated with the decrease 
or maintenance of the non-wax acid concentration as the plant matured. 
The cellular fatty acids appeared to be precursors of esters and wax fraction 
acids. 

7. The color and odor of the wax and non-wax fractions were directly 
related to the type of pigmentation and odor of the plant. 

8. No relationship was found between carbohydrate and lipid content. 

9. The divergence from the general trends of the results of the staminate 
and pistillate plants of Baccharis sarothroides was believed to be associated 
with a sexual factor. 

This work was made possible by a grant from 8. C. Johnson & Son, Ine. 
I am indebted to Mr. E. S. McLoud, Chief Research Chemist, 8. C. Johnson 
& Son, and to Dr. W. S. Phillips, Head, Botany Department, University of 
Arizona, for their kind suggestions and criticisms throughout this work. 
I also wish to thank Dr. L. M. Pultz, Mr. R. H. Peebles, and Mr. R. H. Hilge- 
man for their assistance in various phases of this study. 
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Introduction 


The chemical mechanism whereby plants respond to modifications in 
environment resulting in alterations in morphology has on the whole re- 
mained obscure. However, whatever the cause, it is clear that each change 
in environment may result in the appearance of a whole aggregate of symp- 
toms characteristically specific for each condition. No change in environ- 
ment can be said to cause only a single symptom. Though individual symp- 
toms may to some extent resemble each other with various environmental 
variations, the aggregate of symptoms is usually characteristic of each par- 
ticular environment and plant in question. 

The work discussed herein consists of studies on the chemical mechanism 
of symptom production in frenching and mineral deficiency of tobaceo. The 
well defined aggregate of symptoms characteristic of these particular en- 
vironments afford very favorable material for a study of the chemical 
mechanisms underlying morphological change. 

The condition of tobacco known as frenching is a well known deformity. 
Growth of the terminal bud of the plant slows or stops and the slowly ex- 
panding new leaves develop a network type of chlorosis. In an extreme 
form the newly developed leaves become strap shaped because of the failure 
of the lamina to expand. Growth of axillary buds then starts but results 
only in the formation of similarly strapped leaves. Stem elongation whether 
of the main axis or of axillary branches is greatly inhibited in an extreme 
case. 

Sremnsere (12) found that diffusates from numerous bacterial strains 
ordinarily present in soil are capable of causing changes in morphology of 
tobaceo seedlings grown in aseptic culture. These alterations were in some 
cases suggestive of, but were not identical with, frenching in the field. 
Other experiments with amino acids in aseptic culture (11) (13) revealed 
that slightly excessive quantities of these and other natural metabolic com- 
pounds each caused the production of specific symptom complexes in tobacco 
seedlings. The conclusion naturally drawn was that release of excessive 
quantities of free amino acids into the tissues was a probable causative chemi- 
eal factor in the production of morphological symptoms in the plant. 

1 Cooperative investigation by the Division of Tobacco, Medicinal and Special Crops, 
Bureau of Plant Industry, Soils, and Agricultural Engineering, Agricultural Research 


Administration, U. 8. Department of Agriculture and the Maryland Agricultural Experi- 
ment Station. 
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Though none of the plants obtained with metabolites were identical with 
those showing frenching or mineral! deficiency, they were, with respect to 
individual symptoms, often quite suggestive in appearance. Isoleucine 
particularly caused as close an approximation to frenching in the field as was 
to be expected in very young seedlings under the environmental conditions 
of flask culture in low intensity artificial light. 

The suggestion (11) was therefore made that the mechanism of symptom 
production in mineral deficiencies might also depend on the same chemical 
mechanism as in frenching: accumulation of free amino acids. McMurtrey 
(4) has described the symptom-aggregates characteristic of mineral de- 
ficiencies in tobacco. However, while there are a great deal of analytical 
data on tobacco available, none are in a form suitable for deciding the ac- 
euracy of this assumption. Values for the individual free amino acids 
present in the normal and abnormal plants would be desirable. 

It was considered probable, moreover, that if toxic concentrations of 
free amino acids are responsible in part or whole for the morphological al- 
terations that appear, these would be reflected by a rise in total free amino 
acids in the plant. Since some of the amino acids are effective at dilutions 
far beyond the range of the Van Slyke method for determining a-amino 
nitrogen the accuracy of this assumption could only be determined by trial. 
There were some data available to bear out this belief, however, in the report 
of NIGHTINGALE, SCHERMERHORN, and Ropsins (9) that sulphur deficiency 
in tomato caused an increase in amino acid nitrogen of the plant. RicHarDs 
and TEMPLEMAN (10) also found barley plants showing symptoms of phos- 
phorus deficiency contained a ‘‘pronounced accumulation of amino nitro- 
gen’’ as did those showing symptoms of potassium deficiency. On the other 
hand NIGHTINGALE, SCHERMERHORN, and Ropsins (8) did not note any in- 
crease in amino nitrogen with potassium deficiency, nor did NIGHTINGALE, 
Appoms, Ropsins, and ScHERMERHORN with calcium deficieney (7). 

The work herein reported therefore consists of analytical determina- 
tions of free a-amino nitrogen in field plants showing symptoms of french- 
ing, and mineral deficiencies of the following elements: K, Mg, Ca, P, B, 
and N. Growth experiments had already demonstrated the ability of ex- 
ternally applied natural metabolites to cause the appearance of manifold 
morphological changes. However this did not furnish definite proof of an 
excess of symptom-producing compounds in the plant tissues when the 
growth differences occurred. 


Experimental methods 


The tobacco plants used in the study of the effects of mineral deficiency 
on free amino acid content were grown at the Tobacco Experiment Farm at 
Upper Marlboro, Maryland. McMurrrey (5) has already described the ex- 
perimental techniques, and the extent of the deficiencies attained. Samples 
from plants infected with tobacco mosaic were obtained from this locality 
also through the courtesy of Dr. E. E. Clayton. Samples of frenching soil 
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and plants used in this work were obtained from the George Merrick and 
Deshield farms in Prince Georges County, Maryland. 

Individual leaves (25-100) from as many plants as conditions would 
allow were selected in sampling. The midribs were removed and the lamina 
quickly dried in a forced draft cabinet at 60-65° C. In the selection of 
samples both the position of the leaf on the plant and the age of the plant 
were taken into consideration, the age being based on time of flowering. In 
preparation for analysis the oven dried material was ground to pass a 40- 
mesh sieve and preserved in tightly stoppered containers. The method 
outlined by GaRNER, Bacon, Bow.ine,-and Brown (2) was used for the 
determination of amino acid nitrogen. A correction for the content of mois- 
ture and soil material in the prepared sample was applied to the analytical 
data. 

In barest essentials the analytical method consisted of the coagulation 
and removal of protein nitrogen with dilute acetic acid and heat, removal of 
amide and ammonia nitrogen by hydrolysis with 1.08 N-H.SO, followed 
by distillation with 10% NaOH and determination of a-amino nitrogen by 
the Van Slyke nitrite method. The value for a-amino nitrogen in the 
residual solution so obtained corresponds to the number of amino acids 
present except that lysine gives a two-fold value, and proline and hydroxy- 
proline fail to react. 

Total a-amino nitrogen was determined in a similar manner except that 
6.0 N-H.SO, was used for hydrolysis instead of 1.08 N-H.SO, in order to 


hydrolyze peptide, peptone, and proteose (17). Total a-amino nitrogen 
might also be called non-protein, a-amino nitrogen. Presumably it is an 
approximate measure of the sum total of units used in the synthesis and 
break-down of proteins present at the time of sampling. 


FREE AMINO ACIDS IN FIELD PLANTS SHOWING SYMPTOMS OF 
FRENCHING OR MINERAL DEFICIENCY 


The analytical data for field plants has been arranged according to the 
crop year. The samples dated as 1936, 1940, and 1945 (table I) were ob- 
tained for the study of other factors than those here under consideration 
(1), and prior to the time this study was begun. It will be noted that of 
the samples collected in 1936 and 1940, the plants were grown with a wide 
range in quantity of a potash fertilizer application. Definite symptoms of 
potash deficiency were noted where no potash was applied. Symptoms in 
1940 were apparently more severe than in 1936 but seem to have been con- 
fined to the leaf tips and adjacent margins. Total free amino acid nitrogen 
did not vary from the controls in either year according to these data—a re- 
sult which will be discussed in connection with the figures for later analyses. 

The other values afford a comparison of normal and slightly frenched 
plants grown in 1945. It is seen that the leaves of frenched plants contained 
approximately double the free a-amino acid content of that in normal plants. 
Amide and ammonia nitrogen varied in a similar manner. Through the 
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TABLE I 


THE FREE A-AMINO NITROGEN CONTENT, IN DRY LEAF LAMINA OF MARYLAND MEDIUM 
BROADLEAF TOBACCO GROWN AT UPPER MARLBORO, MARYLAND, AS AFFECTED 
BY FRENCHING AND MINERAL DEFICIENCIES AT TIME OF FLOWERING* 


courtesy of Dr. J. L. Stokes of Merck & Co., Rahway, N. J., it was possible 
to have the natural isomer of isoleucine estimated with Streptococcus faecalis 
(15). The isoleucine content, it can be computed, increased in the frenched 
plants by 50.0% in one case and by 49.6% in the other. 
mated that this is equivalent to an increase in the isoleucine content of 100 
to 150 p.p.m., or about the same concentration of natural isoleucine (100 
p-p.m.) in aseptic agar culture required to cause a similar morphological 
alteration artificially. The interpretation of the analogous increase in amide 
and ammonia of frenched plants requires additional data. 


It has been esti- 

















Crop APPEARANCE OF 
YEAR TREATMENT PLANTS 





NITROGEN CONSTITUENTS IN 
MOISTURE-FREE LEAF LAMINA 








FREE a-AMINO 


NITROGEN 





CONTENT 


RELATIVE 
CONTENT 





AMIDE & 


AMMONIA 











NITROGEN 





1(+) -iso 
LEUCINE 


FREE 









1936 Nopotashadded Chlorotic leaf tips 
Potash at 24lbs. Slight leaf cupping 


per acre 
Potash at 120 lbs. Normal 
per acre 
1940 Nopotashadded Chlorotie tips, dried 
Potash at 30 Ibs. margins 
per acre Leaf tip chlorosis 
Potash at 240 Ibs. 
per acre Normal 


1945 No potash added 
No potash added Normal 
Frenched, few 
strapped leaves 





1945 No fertilizer Normal 
added Frenched, few 
No fertilizer strapped leaves 
added 


% 
0.108 


0.110 
0.086 
0.094 
0.093 


0.100 
0.098 


0.188 
0.095 


0.210 





aS 


125.6 


127.9 
100.0 
















x 


0.034 


0.051 
0.034 


0.050 














of the plants. 


side by side. 








* Samples were taken from plants at same stage of maturity when possible; the third 
and fourth leaves from top being selected. The greater part of the frenched material 
consisted of leaves showing reticular chlorosis and little or no strapping. Both normal 
and frenched plants were in the same plots: In the ‘‘no potash’’ plot slightly less than 
half the plants showed symptoms of frenching, and in the ‘‘no fertilizer’’ plot about 65% 


The material obtained in 1946 (table IT) falls under four headings. 
Frenching again caused a significant rise in free a-amino nitrogen amount- 
ing to 53.1%. The frenched and normal plants were frequently growing 
The severely strapped leaves could not be used because of 
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absence of leaf lamina. Mosaic disease, however, seemed to have little in- 
fluence on the content of free a-amino nitrogen; though other strains of 
virus characterized by leaf strapping may give a different response. The 
controls were separated from the diseased plants by a 36-foot fallow plot. 
The results with mineral deficiencies seemed definite and conclusive. 
A deficiency in potassium, magnesium, calcium, phosphorus, nitrogen, or 
boron brought about marked accumulations of free a-amino nitrogen in each 
instance. Potassium deficiency caused almost a 7-fold increase, magnesium 
almost a 4-fold increase and calcium a doubling in free a-amino nitrogen. 
In each of these cases the plants and the leaves analyzed showed extreme 
symptoms of deficiency. The moderate symptoms shown with phosphorus, 


TABLE II 


THE FREE A-AMINO NITROGEN CONTENT IN DRY LEAF LAMINA OF MARYLAND MEDIUM 
BROADLEAF TOBACCO GROWN DURING 1946 AT UPPER MARLBORO, MARYLAND, 
AS AFFECTED BY FRENCHING AND MINERAL DEFICIENCIES 








FREE a-AMINO 
SYMPTOMS OF ABNORMALITY a NITROGEN 
(SAMPLES TAKEN AUG. 13-22, 1946) 


LoOcATION 
OF PLOT OR TREATMENT 
DESIGNATION 





RELATIVE 


\ONTEN 
. - CONTENT 





% % 

Geo. Merricks 
Farm Standard* None 0.209 100.0 
ae Extreme frenching 0.320 153.1 
Rotation Series Standard None 0.122 100.0 
“es Mosaic distinctly visible 0.127 104.1 
Pure chemicals Standard None 0.098 100.0 
NoB Moderate boron deficiency 0.124 126.5 
Fertilizer Standard None, but slight nitrogen deficiency 0.127 100.0 
No Ca Extreme calcium deficiency 0.279 219.7 
No Mg Extreme magnesium deficiency 0.486 382.6 
NoN Extreme nitrogen deficiency 0.167 131.5 
NoP Moderate phosphorus deficiency 0.188 148.0 
No Kt Extreme potassium deficiency 0.873 687.4 





* These samples were prepared on August 13. Samples of dry soil collected on Sep- 
tember 18 contained only a trace of amino nitrogen, whether the plant did or did not 
show symptoms of frenching. 

t Total a-amino nitrogen was 0.949%. 


and boron deficiency were accompanied with lesser increases in free a-amino 
nitrogen. It might be anticipated that a decrease in nitrogen supply would 
have the effect of minimizing any increase in free a-amino nitrogen, if it 
be assumed that accumulation is due to a block in protein breakdown as well. 

Analyses of the material collected from the plants grown in 1947 (table 
III) gave results essentially identical with those of 1946. Marked increases 
in free a-amino nitrogen were found in each instance where a mineral de- 
ficiency caused the appearance of severe symptoms (magnesium, potassium). 
Moderate severity of deficiency symptoms were accompanied by a lesser 
accumulation of a-amino nitrogen (calcium, phosphorus). An insufficiency 
of nitrogen caused small decreases in a-amino nitrogen. Boron and sulphur 
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deficiencies were too slight to give any indication of an increase in amino 
acids. The influence of omission of chloride from the fertilizer mixture on 
a-amino nitrogen is of interest in view of its known effects (3) on drought 
resistance of tobacco and of leaf quality. Chlorine is not, so far as is 
known, an essential element in the nutrition of tobacco. 

The quantities of a-amino nitrogen in plants showing symptoms of 
frenching and mineral deficiencies vary not only with the extent of the 
visible abnormalities in growth, but also with environmental conditions. 
Comparison of the percentages of free a-amino nitrogen in the controls of 
all the tables will reveal a variation between 0.053 and 0.432% with location 
and crop year. 

The values for total non-protein, a-amino nitrogen parallel those for 
free amino nitrogen. They permit the computation by difference of non- 
protein combined a-amino nitrogen, which is relatively much smaller than 
the free a-amino nitrogen found. These values are presumed to include all 
non-protein a-amino nitrogen present in peptide, proteose, peptone, proline, 
and hydroxyproline. The nitrogen of the a-amino group of lysine, however, 
appears in the free a-amino nitrogen value. 

The free a-amino nitrogen was approximately 76.7 to 100.0% of total 
non-protein a-amino nitrogen. The smallest value was given by plants 
where chloride was omitted from the fertilizer, the highest value with roots 
from normal plants. The other values can be readily computed. Their 
significance is not certain, since the variations were relatively small. 

The last two rows deal with data obtained on the roots of frenched and 
normal plants. Only a slight difference in a-amino nitrogen (10.2% ) was 
found. Greater weight should probably be assigned this difference than 
its magnitude would seem to demand, inasmuch as the normal plant was in 
process of forming frenched suckers and the frenched plant of becoming 
normal (suckers). It seems reasonable to assume that a comparison between 
better defined samples would show a definitely greater difference in free 
a-amino nitrogen. 

Discussion 


Further verification of the postulated free amino acid mechanism of 
symptom production in the tobacco plant is afforded to some extent by the 
analytical data on plants suffering from mineral deficiencies. In every case 
except perhaps boron, and nitrogen, the symptoms of mineral deficiency were 
paralleled by large abnormal increases in the free amino acids of the leaf 
tissues. 

These exceptions may of course be due to the toxic accumulations of 
metabolites not containing a-amino nitrogen (13). Other explanations also 
exist however. One such is that the symptoms of boron deficiency were too 
mild and that too much normal tissue was included in the analytical sam- 
ples. Plants with moderate minus boron symptoms (table II) gave an in- 


crease of 26.5% in free amino acid nitrogen even without rejection of more 
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normal tissue from the analytical sample. A similar situation was en. 
countered with minus potassium plants. Negative results were first ob- 
tained similarly with minus potassium plants since the analytical samples 
consisted of better than 90% normal leaf tissue. 

An important contribution by WapLEIcn and Suive (16) presents evi- 
dence however that the cells of minus boron cotton plants are the seat of 
protein degenerations and increased acidities. An accumulation of sugar 
and ammonia was interpreted by them as due to a block in amino acid syn- 
theses by the plants. This response would therefore seem to indicate too 
mild a boron deficiency as the most probable and important reason for the 
slight accumulation of excessive free amino acids with boron deficiency. 
The contrast in analytical results distinguishing calcium from boron de- 
ficiency actually obtained despite rather similar symptoms of deficiency 
appears striking. On the other hand boron deficiency symptoms originating 
through accumulation of the more toxic amino acids such as hydroxyproline 
(3 p.p.m.) would give no indication of any increase with the analytical 
methods employed. 

The negative results with nitrogen deficiency are probably to be attrib- 
uted to the prevention of amino acid synthesis. Symptoms of nitrogen de- 
ficiency may therefore possibly be due to loss of nitrogen from chlorophyll 
as well as accumulation of non-nitrogen metabolites in excess. No symptoms 
of sulphur deficiency were present in the plants at the time these were 
sampled for analysis. 

Chlorosis accompanying a mineral deficiency however can no longer be 
casually assumed as indicative of an essential function in chlorophyll forma- 
tion. The evidence would indicate rather that chloroses of this type are 
due to destruction of chlorophyll by excessive accumulations of amino acids 
and other metabolites. The characteristic pattern exhibited by the plant 
will, it is assumed, be found to be dependent on the particular metabolites 
that accumulate in excess, and the effects of anatomical structure in deter- 
mining the regions in which toxic concentrations are permitted to become 
effective. 

The marked fluctuations in a-amino nitrogen and protein nitrogen of 
plants subject to mineral deficiencies seem to be a general phenomenon. It 
would appear to indicate that the macronutrients and at least some of the 
micronutrients participate directly in the primary activity of the cell, namely 
the formation and breakdown of amino acids, proteins and intermediate 
products. Molybdenum also has recently fallen into this category since 
Mvutper (6) found it to be as essential for nitrate reduction in green plants 
as for Aspergillus niger Van Tiegh. ; and for denitrification as well as nitro- 
gen fixation by soil bacteria. The points at which blocks are thus set up in 
the interlocking successive reactions of nitrogen metabolism of the cell are 
presumably as characteristic of «he element in deficient supply as are the 
morphological symptoms. Thus RicHarps and TEMPLEMAN (10) concluded 
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that accumulation of free amino acids was due to breakdown of proteins in 
potash deficiency ; and to inhibition of protein synthesis in phosphorus de- 
ficiency of barley. Nitrogen deficiency however led to ‘‘ . . . little indi- 
cation of departure from the usual protein cycle .... ’’ A more adequate 
review of protein and carbohydrate responses to mineral deficiencies will 
shortly (14) appear. 


The significance of variations in free a-amino nitrogen with alterations 
in environmental conditions is further emphasized by the results of a study ' 


by Woop and Perrig (18) with Phalaris tuberosa Link. These investigators 
reported that the interrelations between protein and amino acids are un- 
affected by changes in content of carbohydrates: sucrose, glucose, and fruc- 
tose. Proteins they suggest, ‘‘. . . are formed from the whole of the amino 
acids in the cell.’’ 

Summary 


Frenching was accompanied by a marked increase in isoleucine and other 
free amino acids in the leaf lamina of field plants of Maryland Medium 
Broadleaf tobacco. The assumption that the rise in free amino acids in 
frenching was the primary cause or mechanism of symptom production in 
the plant was also supported by the analytical data on field plants showing 
mineral deficiencies. Sharp increases in free amino acids accompanied cal- 
cium, magnesium, potassium and phosphorus deficiency, but not in nitrogen 
deficiency. Boron and particularly sulphur deficiencies were too slight to 
give definite chemical differences in tissues. It is probable that calcium, mag- 
nesium, potassium, phosphorus and perhaps boron function in amino acid 
and protein metabolism of the plant. Chloroses due to mineral deficiencies, 
excepting possibly magnesium and nitrogen, are attributed primarily to the 


direct toxie action of excessive accumulations of metabolites. 


DIVISION OF TOBACCO, MEDICINAL AND SPECIAL CROPS 
PLANT INDUSTRY STATION 
BELTSVILLE, MARYLAND 
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Introduction 


Investigators (2, 6, 7, 11) have shown that there is a depletion of car- 
bohydrates and an accumulation of nitrogen in plants treated with 2, 4-di- 
chlorophenoxyacetie acid (2, 4-D). Suu et al. (10) have observed similar 
trends in the abnormally proliferated stem tissue of red kidney bean plants 
treated with 2, 4-D. Recently, LurcKe et al. (4) have reported that there 
are also pronounced changes in the content of some members of the vitamin 
B complex and carotene in the leaf and stem tissue of red kidney bean 
plants treated with 2, 4-D. In view of these observations analyses were 
made to determine whether the leaf and root tissues of plants treated with 
2, 4-D showed the marked differences in amino acids, ether extract, carbo- 
hydrates, ash and crude fiber content observed in the abnormally prolifer- 
ated stem tissue of the treated plants (10). The results of these analyses 
are presented in this report. 

Materials and methods 
SAMPLES OF LEAF AND ROOT TISSUES 

Seeds of the red kidney bean were selected for uniformity of size and 
planted in 4-inch pots in the greenhouse. Each pot contained two plants 
which were treated when the first trifoliate leaves were expanding. Two 
replications of 200 plants each were used as a source of both treated and 
non-treated (control) plant material. One drop (.05 ml.) of a 0.1% solu- 
tion of 2, 4-D was applied to the base of the blade of a primary leaf of 
each treated plant (6). The plants were harvested six days after treat- 
ment. At this time the stem tissue had proliferated considerably but there 
were no signs of necrosis. The material was dried according to the pro- 
cedure given by Link (3) and then segregated into the various parts, the 
hypocotyl, first internode and leaf petioles being grouped together as stem 
tissue. Analyses were made of leaves and roots separately. 


ANALYTICAL METHODS 
Amino acids were determined microbiologically with the organisms Lac- 
tobacillus arabinosus, Streptococcus faecalis and Leuconostic mesenteroides. 
The media used in the various determinations were essentially the same as 


1 Published with the approval of the Director of the Michigan Agricultural Experi 
ment Station as Journal Article No. 1081. 
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those described by SauBeRLIcH and BAUMANN (8). Samples were pre- 
pared for assay by the method described by Sroxes et al. (12), with the 
exception of the tryptophane samples which were prepared according to 
the method of Woo.ey and Sesrett (13). Carbohydrates were deter- 
mined by the procedure outlined by Sex et al. (9). The methods of analy- 
sis for nitrogen, crude fiber, ether extract, and ash were those given in 
A.O.A.C. (1). 







Results and discussion 


The results of the chemical analyses are summarized in tables I, II, and 
IIl. Each entry is a single determination on each replicate. 

The data in table I, expressed as per cent. of amino acid or protein in 
the sample show the following trends: The leaf tissue of the treated plants 
contained slightly less protein and amino acids than that of the controls. 











TABLE I 


EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID ON THE AMINO ACID CONTENT OF THE 
LEAVES OF RED KIDNEY BEAN PLANTS 
(EXPRESSED ON A DRY WEIGHT BASIS) 


















TREATED NON-TREATED 





TREATED NON-TREATED 









IN THE IN THE IN CRUDE IN CRUDE 
SAMPL SAMPL N N 
CONSTITUENT E s E PROTE! PROTEI! 






















REPLI- REPLI- REPLI- REPLI- ReEPuI- REPLI- REPLI- REPLI- 
CATE CATE CATE CATE CATE CATE CATE CATE 
1 2 1 yA 1 2 1 2 



















a 


SI 





PS 


a 


Protein (Nx6.25) .... 30.71 28.78 31.24 30.89 

II ccxicctsidngitrasiacinensents 2.00 1.93 2.25 2.23 6.51 6.71 720 7.22 
IID i cccunntanints ee * eae 1.63 1.59 4.75 5.00 5.21 5.15 
Valine anti nninicintglih: © aaa 1.61 1.78 1.78 5.34 5.59 5.69 5.76 
Phenylalanine 1.33 1.28 147 1.43 4.33 4.45 4.71 4.63 
Histidine .70 7 84 85 2.27 2.45 2.70 2.75 
Arginine ae 1.54 1.54 1.76 861.73 5.01 5.35 5.63 5.60 
Lysine a 129 1.26 1.44 1.41 4.20 4.38 4.61 4.56 
Tryptophane ..... 32 36 42 43 1.04 1.25 1.34 1.38 
Methionine 24 .20 29 2 78 .69 93 79 
Threonine 1.25 1.24 1.35 1.41 4.07 4.31 432 4.56 
Aspartic Acid 1.73 1.86 1.90 2.04 5.63 6.46 6.08 6.60 











Expressing the data as per cent. of amino acid in crude protein a similar 
trend was observed for most of the amino acids. In table II it is noted 
that the roots of the plants treated with 2, 4-D contained about the same 
percentage of protein as did the controls. Slightly lower percentages of 
leucine, isoleucine, phenylalanine, lysine, tryptophane, methionine, threo- 
nine and aspartic acid in the sample and in the crude protein were ob- 
served in the root tissue of the treated plants. Valine, histidine and argi- 
nine were present in approximately the same percentage in both the treated 
plants and the controls. 

The data in table III show a depletion of non-reducing sugars in th¢ 
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TABLE II 


EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID ON THE AMINO ACID CONTENT OF THE 
ROOTS OF RED KIDNEY BEAN PLANTS 


(EXPRESSED ON A DRY WEIGHT BASIS) 

















TREATED NON-TREATED 

















TREATED NON-TREATED 
IN THE IN THE IN CRUDE IN CRUDE 
CONSTITUENT SAMPLE SAMPLE PROTEIN PROTEIN 
REPLI- REPLI- RepPui- REPLI- REPLI- REPLI- REPLI- REPLI- 
CATE CATE CATE CATE CATE CATE CATE CATE 
1 2 l 2 l 2 1 2 
% % % % % % % % 
Protein (Nx6.25) 22.90 21.80 22.84 22.62 
Leueine r 1.01 1.02 1.11 1.15 440 4.67 5.22 5.51 
Isoleucine ee be See 87 86 96 1.02 3.78 3.95 4.51 4.88 
Valine 98 1.21 1.10 1.15 4.30 5.55 5.16 5.47 
Phenylalanine 60 61 64 .63 2.61 2.77 2.99 3.01 
Histidine 41 44 39 40 1.81 2.00 1.83 1.90 
Arginine 71 84 77 81 3.09 3.84 3.61 3.86 
Lysine 75 79 96 1.00 3.28 3.63 4.52 4.74 
Tryptophane . 05 .09 Mw 124 43 67 58 
Methionine ee ll 10 14 15 50 45 .64 .70 
Threonine Fie OD .76 .76 83 86 3.30 3.49 3.88 4.07 


Aspartic Acid .......... 1.10 1.14 1.42 1.43 4.81 5.21 6.67 6.82 





roots and leaves of the plants treated with 2,4-D. Other investigators have 
reported similar trends in other plants (5, 7,11). No significant difference 
was noted in the percentage of reducing sugar in both the roots and leaves 


TABLE III 


EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID ON THE CARBOHYDRATE, CRUDE FIBER, ETHER 
EXTRACT AND ASH CONTENT OF THE LEAVES AND ROOTS OF 
RED KIDNEY BEAN PLANTS 
(EXPRESSED ON A DRY WEIGHT BASIS) 








LEAVES Roots 
TREATED NON-TREATED TREATED NON-TREATED 
CONSTITUENT ——- ——- ———_—_— - ———_—_——————_—— 

REPLI- REPLI- REPLI- REPLI- REPLI- REPLI- REPLI- REPLI- 
CATE CATE CATE CATE CATE CATE CATE CATE 

1 2 1 2 l 2 ] 2 

% % % % % % % % 
Reducing Sugar 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.43 
Non-reducing Sugar 0.00 0.25 0.82 1.14 0.00 0.00 153 2.98 
Starch 1.77 1.76 1.87 1.61 2.13 2.01 2.02 2.44 
Polysaccharide* . 5.11 4.54 5.22 6.50 9.31 10.07 7.97 9.43 
Crude Fiber ea 15.35 14.86 14.27 13.39 20.15 19.04 20.52 20.26 
Ash a 19.48 17.30 18.23 16.67 20.26 17.17 17.81 15.12 
Ether Extract 2.59 3.77 3.43 2.80 1.32 1.52 1.33 1.59 


Unsaponifiable 

Residue of the 

Ether Extract ..... 1.59 1.40 1.28 1.60 1.06 1.08 1.07 73 
Fatty Acids 

by difference of 

the Ether Extract 1.00 1.37 1.15 1.20 26 44 26 86 








* Acid hydrolyzable residue from the starch determination. 
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of the treated and non-treated plants. The percentages of starch, poly- 
saccharides, fatty acids, crude fiber, ash, ether extracts and unsaponifiable 
material were essentially the same in the leaves and roots of both the treated 
and non-treated plants with the exception of a slightly higher percentage 
of crude fiber in the leaf tissue of the treated plants. 

The results of this investigation and previous work (10) show that the 
greatest differences in the quantities of proteins, amino acids, ether extract, 
earbohydrates, ash and crude fiber occur in proliferated abnormal stem 
tissue. The changes in the quantities of the constituents in the root and 
leaf tissue of the treated plants were not as pronounced as those in the stem 
tissue. However, slightly lower percentages of protein and amino acids 
were noted in the leaf tissue of the 2,4-D treated plants. <A similar trend 
was observed in the roots for leucine, isoleucine, phenylalanine, lysine, tryp- 
tophane, methionine, threonine and aspartic acid. The tremendous in- 
crease of protein and amino acids (10) in the stem tissue of the plants 
treated with 2,4-D may be accounted for in part by the translocation of 
some of the amino acids from the roots and leaves. 


Summary 



















1. The leaves of the red kidney bean plants treated with 2,4-D con- 
tained lower percentages of protein and of most of the amino acids in the 
sample and in the crude protein than did the controls. The percentages of 
protein, and the amino acids valine, histidine and arginine in the sample 
and in crude protein were almost the same in the roots of the treated and 
non-treated plants while the other amino acids were slightly less in the 
roots of the treated plants. The reduction of most of the amino acids in 
the root and leaf tissue of the treated plants may be due in part to the 
translocation of these substances to the stem tissue. 

2. A depletion of non-reducing sugar was observed in both the leaves 
and roots of the treated plants. There was no significant change in the 
percentage of reducing sugar. The percentages of starch, polysaccharide, 
erude fiber, ash, ether extract, unsaponifiable material and fatty acids were 
practically the same for both the leaves and roots of the treated and non- 
treated plants. 
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Introduction 


Those species of plants in which there is considerable information on 
the genetics of chlorophyll deficiency furnish favorable material for a study 
of physiological control by the gene over the production of chlorophyll and 
related pigments. 

This study is a preliminary survey of the pigments of a number of 
genetically different chlorophyll mutant stocks in barley. 

RaBinowitcH (8) has pointed out that apart from the isolated obser- 
vation of InMAN and BLAKESLEE (5), who reported a chlorophyll with a 
different absorption spectrum from ordinary chlorophyll in an X-rayed 
mutant of Datura, the chlorophyll of all higher land plants investigated 
has been found to consist of the two components—the blue-green chloro- 
phyll a and the yellow-green chlorophyll b. 

However, W. H. Eysrer (3) in 1924 reported the ‘‘common’”’ occurrence 
of four types of pigment-deficient plants in maize. These plants were those 
which: (1) contained carotin, xanthophyll and chlorophyll a but lacked 
chlorophyll b; (2) contained carotin, xanthophyll and chlorophyll b but 
lacked chlorophyll a; (3) contained carotin, xanthophyll and chlorophyll a 
and b in varying amounts; and (4) contained carotin and xanthophyll but 
lacked both chlorophyll a and chlorophyll b. Eyster reports that in his 
studies plants which lack either chlorophyll a or chlorophyll b are unable to 
synthesize sufficient carbohydrates to grow to maturity. 

Except for this one report by Eyster, the only organisms in which a 
chlorophyll component has been found lacking are some of the algae, (2), 
(6), (12), (13), (15), (16), (18). 

The deseriptive term ‘‘chlorina’’ has been applied to certain pale green 
chlorophyll-deficient characters in barley. The color may vary from pale 
green to yellow green in different chlorinas. Several of those chlorophyll- 
deficient chlorinas have been described by Ropertson (10), Nitsson-EHLE 
(7) and others. Most of them, when studied in crosses with normal green 
plants, differ from the normal by one recessive gene. ROBERTSON (9) de- 
seribed one chlorina, however, which is apparently maternally inherited. 
When this chlorina, Coast V, is used as the female parent and crossed with 
green, the F,, F, and F, are all chlorinas. The reciproeal cross, using it 

as the male parent, results in normal F,, F, and Fs. 
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Materials and methods 






The eight stocks of barley used were supplied by Dr. D. W. Robertson 
of the Colorado College of Agriculture and Mechanics. Three of these 
were segregating while the remaining five were homozygous for the chlorina 
character. All were viable and capable of growing to maturity. The fol- 
lowing is a list of the stocks, together with the genetic symbols describing 
their other characters included for identification. (These other plant char- 
acters do not directly concern the pigments. A key to these symbols can 
be found in (11).) The symbols f and fe are used for the chlorina charac- 
ters for which the linkages are known. The others have not been located. 





Stock #1 Trebi IV segregating chlorina 
(OovvbbNNkkRRss ) 

Stock #2 28.3398 chlorina (vvbbNNkkSSblblrr) 

Stock #3  Colsess V ; chlorina fe in linkage group 7. 
(vvbbNNKkIIBIBIR Roo) 

Stock #4 Coast V; maternal seed (chlorina) 
maternally inherited 

Stock #5 Minn 84-7 chlorina; f in linkage 
group 1. (vvbbNNkkiiRRSS) 

Stock #6 Comfort II chlorina (vvbbNNkkrrSS) 

Stock #7 1126-361-4(23) segregating chlorina 

Stock #8 Coast Dwarf (2) segregating chlorina 








These eight stocks were planted in February 1946 in a mixture of peat 
and sand in the greenhouse at about 27° C. Sixteen days after planting, 
the seedlings in each culture were harvested in three separate lots for 
chlorophyll extraction and dry weight determinations. This material was 
used for spectroscopic analysis. 

Seeds of stock #2 chlorina, along with #1, #7 and #8 to furnish 
normals as controls, were planted again in April 1946 and harvested in 
triplicate 16 days later to furnish material for a chromatographic analysis 
of the pigments. Again in May 1946 the same stocks were grown to fur- 
nish material for separation of the pigments. This time, however, the 
plants were grown for 30 days, the procedure otherwise being the same as 
for the first two groups. Wherever segregation was found, the green and 
chlorina plants were harvested separately. The green plants segregating in 
stocks #1, #7 and #8 were considered as normal checks. 

The ether extracts used in the spectroscopic analysis of chlorophyll were 
obtained by a slight modification of the method described by GrirrirH and 
JEFFREY (4). Enough seedlings were harvested for one analysis at a time, 
brought to the laboratory from the greenhouse as rapidly as possible, and 
a weighed amount (eight to twelve grams) of the entire seedling (exclusive 
of the roots) placed in a Waring Blendor cup. A slight amount of calcium 
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carbonate and 50 ce of acetone were added. During the process of macera- 
tion the sides of the cup were washed down to ensure complete extraction. 
After about ten minutes in the blendor the macerate was filtered through 
paper in a Buchner funnel and both cup and paper were washed with 25 cc 
portions of acetone, making a total volume of 125 ce of extract. 

A 10 ce aliquot of the acetone extract and 10 ce of peroxide-free ether 
were put into the counter-current washing apparatus designed by GrirriTH 
and JEFFREY (4) and washed with water. The final ether extract was made 
up to a volume of 25 ce. 


To make a complete separation of the pigments from stock #2 the fol- 
lowing method was used: 


The plant material was macerated in a Waring Blendor with a few 
chips of ice, a few grams of MgCO, and cool acetone for three to five min- 
utes. The mixture was filtered by suction in a Buchner and the filtrate put 
into a separatory funnel containing petroleum ether and a few chips of ice. 
The chlorophyll was washed in a counter-current washing apparatus (4) 
once with water and six times with 80% MeOH to remove the xanthophyll. 
It was then washed again with water and dried over anhydrous sodium 
sulphate in a refrigerator for 30 minutes. 

The petroleum ether mixture was filtered in a Buchner prepared by 
packing a layer of powdered sugar on filter paper and a packed layer of 
Hyfio Super Cell on top of the sugar. The layered material was wet with 
petroleum ether and then the chlorophyll solution was filtered under suc- 
tion and washed exhaustively with chilled petroleum ether to remove the 


earotin. When the filtrate was colorless the solid material with ‘: ad- 


er and 
evaporated almost to dryness, then taken up with petroleum ether to make 
a solution containing 70% petroleum ether and 30% ethyl ether. This solu- 
tion was used for chromatographic separation on a powdered sugar column, 
by a method to be described later. 


sorbed pigment was removed and the pigment eluted with ethyl e 


The absorption spectra were measured on a Beckman spectrophotometer 
and the chlorophyll a and b content of the solution determined by use 
the equation published by Comar and ZsHerLe (1 


Chlorophyll a (mg/1) = 9.93 logic 1, Iseo — 0.777 logio 1./Tesz: 
Chlorophyll b (mg/1) = 17.6 log, 1,/less.s — 2.81 logiole/Teeo 


For comparisons, standard errors were calculated, using the following for 
mulae (17): 





Se 


S( ix?) —S(ix)x 
N  N-!I i 
and S.E.aire = \/8.0-,7 + 8.€° 
P values corresponding to the various values of diff. 
mined from the tables in TreLoAr (17). 
significant if smaller than .05. 


S.E.aire were deter- 
A P value was considered to b: 
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All chlorinas were compared with the average of the three lots of nor- 
mals from the segregating strains. The results would have been similar if 
any one of the normal lots had been used. 


Experimental results 


The different strains of chlorinas varied in the degree of chlorosis shown 
at the 27° C temperature at which they were grown. Only those from 
stocks #6 and #8 were difficult to distinguish from the normals at that 
temperature. Stock #7 was an extremely pale chlorina. 

Pigment analyses of three samples were run for each of the seven 
genetic stocks, the data being summarized in table I. 


TABLE I 


SUMMARY OF SPECTROPHOTOMETRIC DETERMINATIONS OF PIGMENT CONTENTS OF NORMAL 
CHLORINA STOCKS EXPRESSED AS MILLIGRAMS PER GRAM OF OVEN-DRY WEIGHT 





oO 





: ' CHLOROPHYLL CHLOROPHYLL TOTAL ee RATIO 
STOCKS A B CHLOROPHYLL . arene A/B 
PHYLLA 
NORMALS 
1N 6.19 + .184 2.44+ .071 8.63 + .339 ph i 2.54 + .020 
7N 5.91 + .700 2.56 + .368 8.44 + 1.072 70.1 2.33 + .052 
8N 6.48 + .329 2.09 + .145 8.57+ .464 75.6 3.12 + .136 
AVERAGE 6.19 + .335 2.35 + .256 8.55+ .183 72.5 2.66 + 425 
CHLORINAS 
1 3.10 + .071 0.90 + .026 4.00+ .071 77.5 3.44 + .133 
2 8.10 + .725 0.34 + .114 8.43 + .840 96.1 23.83 + .479 
3 7.96 + .530 3.00 + .208 10.97+ .771 72.6 2.65 + .040 
4 6.31 + .157 2.50 + .235 8.80+ .387 71.6 2.59 + .220 
5 5.72 +.191 1.68 + .211 7.73+ .366 74.0 3.01 +.118 
6 4.03 + .329 1.33 + .105 5.36+ .435 75.2 3.17 + .310 
7 0.00 0.00 0.00 0.0 0.00 
8 1.05 + .022 0.41 + 


251 146+ .141 71.6 2.55 + .262 


| 
| 


Examination of this table shows that in all cases except stock #2 the 
ratio of chlorophyll a to chlorophyll b fell within the ratio given by WiL- 
STATTER and Srouu (19), ie., 2.93 + 0.5-0.6. In addition, the extreme 
chlorina segregating in stock +7 was entirely lacking in both chlorophyll 
components. The chlorina was slightly yellower than albino and gave an 
absorption peak at 450 mu and no absorption between 600 and 700 mu. 

Table II presents the statistical analysis of the differences between the 
chlorinas and the normals. In chlorophyll a content, the three normal lots 
were very similar. In chlorophyll b content, two of them (#7 and #8) 
were significantly different, but neither of them deviated significantly from 
the mean. The chlorinas from segregating lines (#1, #7 and #8) were 
compared with their normal sibs and with the average of the three normal 
lots. The remaining chlorinas were compared only with the average of the 
three normal lots. 

The quantities of chlorophyll a and chlorophyll b in chlorina stocks #4 
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and #5 were not significantly different from those in normal stocks. Chloro- 
phyll a and chlorophyll b contents in the chlorina stocks of #1, #6 and 
#8 were lower than in the normals, the differences being highly significant. 
Both chlorophyll components in stock #3 were higher than in the normal, 
the difference being significant for chlorophyll a (P = .0045) and highly 
significant for chlorophyll b (P = < .0001). 

Chlorina #2 had a significantly higher amount of chlorophyll a than 
did the normal plants and a significantly lower amount of chlorophyll b. 
The percentage of chlorophyll a on a dry weight basis was 96% of the total 
chlorophyll and the mean ratio of a to b was 23.83, compared with 72.5% 
and a ratio of 2.66 for the average of the normal lots. 

Since chlorina #2 was a selection from the cross Lion x Coast 1 (per- 
sonal correspondence with D. W. Robertson), comparisons between both 
parents and the abnormal type were made. The material was treated as 
previously described, and the ether solution used for spectroscopic analysis. 
One of the parents, Coast 1, segregated albino in a three to one ratio (72 
normal and 28 albino). The albino seedlings were harvested eleven days 
after planting since it seemed doubtful whether they would live for the full 
16 days. The extract was yellow and had a peak at 450 mu and no ab- 
sorption in the area between 600 and 700 mu. 

Figure 1 shows the absorption curves of one of the normal parents and 
the chlorina #2 mutant. 

Because of the interesting deviation of stock #2 from the expected 
ratio, a second lot together with normal plants of stocks #1, #7 and #8 
as controls were grown under environmental conditions as similar to those 
of the first test as was possible, i.e., the same type of soil, the same approxi- 
mate temperature and the same conditions of humidity. The light period 
was different since the first analysis was made in February and the second 
in April with no supplementary light added at either time. The plants 
were grown for 16 days, harvested, extracted and a 10 ce sample from 
each washed and used for spectroscopic analysis as previously described. 
The remainder of the acetone extracts from the three samples of the 
chlorina stock were then combined, made to a total of 500 ce and gradually 
added to petroleum ether and washed with distilled water until freed of the 
acetone. The petroleum ether solution was dried over anhydrous sodium 
sulphate and concentrated to 50 ce volume. Twenty ce of this solution 
were used for a chromatographic analysis (14) of the pigments in the solu- 
tion by adding it to a powdered sugar column 26 mm in diameter and 300 
mm in length and forcing it through the column with air pressure. 

The column contained only one blue-green band, with two narrow yellow 
bands above it and a number of yellow bands below it. The column was 
removed from the glass tubing and cut into three parts. Fraction I con- 


tained that portion of the top of the column which normally would contain 
the chlorophyll b band and here contained yellow bands (fig. 2) which to 
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the author’s knowledge have not been observed or reported and will (on 
separation and identification) be reported in a later communication. In- 
vestigations spectrally and with adsorption are in progress to learn whether 
these bands are present and obscured in normal plant chromatograms or 
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Fie. 1. Absorption curves of erude chlorophyll extracts in ether showing norn 
parent (1) and mutant chlorina #2 (2). 
660 mu. 


Optical densities adjusted to same values 
whether they are a new pigment characteristic of the deficient mutant 
Fraction II contained only the blue-green band ; and fraction III everything 


below. The pigments were eluted from the sugar with ethyl ether and then 
made to volume. 


Fraction I contained no green pigments and the absorption spectrut 
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yn showed a peak only at 440 mu. The curves of Fractions II and III are 
- essentially the same and are both similar in the red region of the spectrum 
r to the curve obtained for chlorophyll a in an ether solution (fig. 3) indicat- 
yr ing the complete absence of chlorophyll b. Lack of similarity in the short 


range in curves of fractions II and III with the chlorophyll a curve was 
due to yellow pigment contamination. The normal control, stock #1, did 
contain chlorophyll b in Fraction I. 
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(A—normal; B—chlorina #2). 
Al Yellow-green chlorophyll b band. 
A2 Mixture of both chlorophylls a and b. 
A3_ Blue-green chlorophyll a band. 
Bl Unknown yellow band. 
B2 Unknown yellow band. 
B3 Blue-green chlorophyll a band. 
4 Carotinoids. 
5 Cotton. 
6 Stopper. 


For a final analysis of stock #2 a complete separation of the pigments 
was made following the method previously described. Only one green pig- 
ment appeared on the sugar column. The absorption curve obtained for it 
on the Beckman photospectometer (fig. 4) shows the pigment to be chloro- 
phyll a. 


Although the absorption curve is almost identical with that of a pure 
chlorophyll a solution as described by ZACHEILE and Comar (20), the color 





Fic. 2. Diagram showing adsorption columns of normal and chlorina stock #2. 
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Pic. 3. Absorption curves of eruds 
III (2) taken from powdered sugar adsorption column 


is not quite the same as that of a pure chlorophyll a solution prepared fr 
normal plant material. The solution was more yellow green than blu 


green. The phase test was positive although the transient yellow color was 


extremely rapid as compared with chlorophyll a from normal plants. 
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Discussion 

The results were obtained under greenhouse light conditions and the 
relatively high temperature of 27° C. In the chlorotic segregant from stock 
#7, no chlorophyll was present. Analysis of chlorina plants in stocks #1, 
#6 and #8 indicates a total chlorophyll content very much lower than in 
normal plants, while chlorina #3 which is phenotypically similar to chlor- 
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Fig. 4. Adsorption curve (in ether) of the only green band appearing on adsorp- 
tion column after purification of extracted pigments from chlorina #2. 


ina #1 has a chlorophyll content significantly higher than that of the 
normal plants. In #1, #6 and #8 the chlorotic condition apparently is a 
function of the quantity of chlorophyll present. Chlorina #3, #4 and +5 
when compared to nonrelated ‘‘normals’’ show no significant differences 
from normal in total chlorophyll content. Here as in stock #3, the chloro- 
tic condition (at least under these growing conditions) is apparently due 
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not to a difference in chlorophyll content but to some other physiological 
factor. It is suggested that this factor might be an increase in the yellow 
pigments of the plant, or a morphological difference in the chloroplastids. 

In spite of these differences in chlorophyll content, in all except stock 
#2 the ratio of a: b was within the normal range given by WILLSTATTER 
and Srouu (19). 

The analysis of chlorina #2 indicates that chlorophyll b may be entirely 
lacking in these plants. This lack is corroborated by the fact that the 
absorption curves of the extracts are almost identical with a pure ether 
extract of chlorophyll a. Finally, the chromatographic method of separa- 
tion failed to show the presence of chlorophyll b and gave only one green 
pigment, chlorophyll a. 

In maize the seedlings lacking chlorophyll b were reported to be lethal 
(3). In barley these plants do grow and mature seeds, although they are 
not as vigorous and sturdy as normal varieties. 

Of the various comparisons between chlorinas and normals, those within 
segregating lines (+1, +7 and +8) seem to be the most valid, since the 
genetic backgrounds of the two are more nearly alike. Even here, there is 
the objection that on the average, two-thirds of the normal sibs were 
heterozygous for the chlorina gene. The least valid comparisons are likely 
to be those in which the normals were used for comparisons with unrelated 
chlorinas. However, the large differences which were observed seem to in- 
dicate real differences. These are being studied further. 





Summary 

The content of chlorophyll a and b was spectroscopically determined in 
eight genetically different chlorina stocks in barley. 

One chlorina, stock +2 (linkage group unknown), seemed to be entirely 
lacking in chlorophyll b as shown by spectrophotometric and chromato- 
graphic analysis. Its total chlorophyll content did not differ significantly 
from normal. 

Chlorina stock #3 (fc) in linkage group 7, had a significantly higher 
chlorophyll a and b content than did the normals with which it was com- 
pared. The ratio of a to b was normal. 

Stock #4 (Coast V; linkage group unknown) and stock #5 (Minn 
84-7) with factor pair ff in group 1, are not significantly different from 
the normals in chlorophyll a and b content. Chlorosis must be due to some 
factor other than chlorophyll content. 

Three chlorinas in the group investigated, i.c.. =1 (Trebi IV), =5 

Coast Dwarf) and +6 (Comfort II) were apparently chlorotie because of 
a low chlorophyll content, although the ratio of the two chlorophyll factors 
was normal. 

One extreme chlorotic type, +7 (1126-361-4(23)). was completely lack- 
ing in chlorophyll. 

One albino which happened to be segregating in a normal stock was 
completely lacking in chlorophyll but contained carotin 
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TRANSLOCATION OF RADIOACTIVE IRON (Fe") 
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Introduction 


The interference of manganese with the availability of iron to pineapple 
plants has been explained by Jonnson (7) and Keiiey (9, 10) as due to 
the oxidation of the latter by the former in soil and leaf tissues. Addi- 
tional studies by Smperis, YouNG and Krauss (14) and Siperis and Youne 
(17, 20) revealed that iron may be made unavailable in ample amounts to 
the leaf tissues after its precipitation in the exodermal root tissues at pH 
higher than 5.5, the latter resulting from the absorption by the roots of 
anions at higher rates than cations. 

All evidence obtained so far indicates that the iron requirements of pine- 
apple leaves are small; also, differences in the iron content of chlorotic and 
green leaves are, likewise, small. 

Therefore, in order to avoid the uncertainty and difficulty of handling 
by ordinary chemical analyses the small amounts of iron absorbed by the 
roots at different periods and to eliminate the interference of preexisting 
amounts of this element in the tissues of the plants, the latter were grown 
in solution cultures supplied with iron containing a mixture of the radio- 
active isotopes Fe®® and Fe°®, as well as the other stable isotopes as stated by 
the U. S. A. E. C. (28). 


Experimental procedure 


CULTURAL METHODS 


The crowns (vegetative organs born on the apex of fruits) of the clones 
Cayenne and 43-115 and the slips (vegetative organs born on the peduncle) 
of 10845 and 9429, sent by J. L. Collins to the writer, were suspended in 
nutrient solutions kept in 4-gallon enameled crocks which had been painted 
with asphalt paint to cover possible unenameled spots. 

The nutrient solutions, constantly aerated during plant growth, con- 
tained 0.472 g. Ca (NO;).-4H.O; 0.174 g. K.SO,; 0.080 g. NH,NO,; 0.246 
g. MgSO,:7H.0; 0.136 g. KH.PO,; 0.005 g. ZnSO,:7H.O; 0.003 g. 
Na.B,O, - 10H,0 per liter. 

1 Published with the approval of the Director as Technical Paper No. 179 of the 
Pineapple Research Institute, University of Hawaii. 

* The study was conducted in 1947 during the tenure of a Research Fellowship in 
the Division of Plant Nutrition of the University of California, at Berkeley, California. 
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No iron was added to the nutrient solutions from August 23, the begin- 
ning day of the experiment, to October 23, the day of the receipt of radio- 
active iron.* However, none of the plants showed symptoms of chlorosis 
except clone 43-115, which was of less intense green than the other clones. 

On October 23, 1947, two of the plants from a total of 12 per clone per 
treatment which were to be treated with radioactive Fe* were placed in 
2-liter pyrex beakers, one per beaker and others in 4-gallon crocks, five per 
container. The pyrex beakers were shielded from direct sunlight by a 
cover of heavy black paper which was painted on the exposed side with 
aluminum paint to reflect light. The plants were suspended for subsequent 
growth in the nutrient solution contained in the pyrex beakers through 
holes in a concrete cover which was painted with asphalt paint, the latter 
employed to prevent absorption of the solution by the cover. 

The sample of the radioactive iron which arrived as FeCl, in 7.9 ml. of 
HCl solution, with 455 mg. of Fe of an activity of 1.5 me (millicurie) 
equivalent to 3.31 me per gram and an intensity of radiation (unshielded) 
of 30 mr/hr at six inches. The total volume of 7.9 ml. of FeCl, in HCl 
was poured into a 150 ml. brown bottle containing 20 ml. of 10% meta- 
phosphorie acid (HPO,) to which was added 44.1 ml. of water to raise the 
total volume to 72 ml. Metaphosphoric acid was added to convert ferric 
iron to the metaphosphate salt which is very soluble, Fe not precip- 
itable within a wide range of pH. The mixture equivalent to 6.3 mg. of 
Fe per ml. of solution was employed as a stock solution of Fe* for the 
nutrient solutions. 

The plants grown in the 2-liter pyrex beakers were supplied with 20 y 
of Fe, and either with 100 y of manganese as MnSO,° 4H,0, or without. 
Those grown in the 4-gallon crocks were supplied with 4y of Fe, but not 
with manganese. 


ANALYTICAL METHODS 


Sections 3, 4 and the lower portions of 5 of the chlorophyllous regions 
of the mature (C) and active (D) leaves and roots were selected for meas- 
urements of tissue radioactivity on the basis of previous studies (14, 17, 20 
which showed that iron accumulations were greater in these than in other 
tissues of the leaves. The extreme terminal sections of the leaves, although 
richer in iron, were discarded because of the onset of senescence much 
earlier in these than in other tissues. 

Depending on the intensity of the radioactivity of the tissues, the fresh 
weights used for a single determination ranged from one to 25 grams. 
Such tissues, placed in porcelain evaporating dishes and dried to obtain dry 
weight values, were then ashed in an oven. The ash, dissolved in 5 ml. of 
1:1 HCl solution, were transferred to conical 15 ml. centrifuge tubes 
This isotope was obtained from the Isotope Division of the U. S 


. Atomic Energy 
Commission at Oak Ridge, Tenn., and contained Fe* 


ind Fe™*, the latter being the more 
active fraction, will be designated in subsequent references as Fe*. 
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where sufficient 27% NH,OH was added to make the solution alkaline and 
precipitate iron. The solution, after standing for 30 minutes, was cen- 
trifuged at 0° C. The supernatant liquid was discarded and the precipi- 
tate, after suspension in 2 ml. of acetone, was transferred by a pipette with 
a wide opening dropwise on to a metal dise of tinned iron 2.5 em. in diam- 
eter kept on a hot plate at very low heat. The use of acetone for suspen- 
sion of the precipitate is for the purpose of rapid evaporation of the mix- 
ture. In case of an incomplete removal of the precipitate from the cen- 
trifuge tube and from the pipette, both tube and pipette are treated with 
a weak solution of HCl placed in the tube, the iron is again reprecipitated 
with NH,OH, centrifuged, and the precipitate transferred to the metal 
dise as before. 

Great care must be exercised to avoid excessive heating of the metallic 
dise because of the danger of losing the precipitate by spattering, which is 
caused by a rapid vaporization of the solution. The use of infrared lamps 
for drying such precipitates should be preferred to the hot plate method. 
However, a sheet of asbestos placed over the entire area of the hot plate 
regulated satisfactorily the heat radiations and the evaporation of the solu- 
tion. In case of very weak adherence of the dry precipitate to the metallic 
disc, a drop or more of 5% sucrose added carefully with a pipette without 
touching the precipitate will prevent possible losses. 

The precipitates on metallic discs are ready for measurement of their 
radioactivity with a Geiger-Muller counter. The thickness of the mica 
window of the tube best suited for such measurements and the distance be- 
tween the radioactive substance and the tube depend on the intensity and 
variety of the radioactive emanations. The thickness of the G-M window 
was approximately 3 mg/cm’, presumably well adapted for the measure- 
ment of the emanations from Fe*® but not from Fe°?. 

Due to the much stronger iron content of the root than leaf tissues, the 
isolated iron from the leaf samples was placed approximately at 0.5 inch 
from the G-M window and that of the root samples 2.0 inches. A radium 
standard placed at the two distances gave 300 and 60 counts per minute for 
the 0.5 and 2.0 inch distances, respectively. The background radiations 
varied slightly for one month the entire period of the measurements, rang- 
ing from seven to nine cts/m. The total ash content of the leaves, consist- 
ing mostly of K, Ca, Mg and P-salts, was approximately five times as great 
as that of the roots. However, the relationship for iron was reversed; this 
element was approximately 20 times as great in the roots as in the leaves, 
i.e., 3.5 and 70.0 y per cm® of the metallic disc for the leaves and roots, 
respectively. Absorption of Fe* by sample thickness, not determined by 
standardized quantities of Fe*, was presumably small, due to the small 
amounts of total iron contained in the samples. 


Cobalt, unavailable at the time of these measurements in the laboratory, 
could have served as a better standard than radium, which was available, 
because the latter emits mostly alpha particles and the former beta and 
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gamma radiations which, also, are emitted by Fe*. However, for obtain- 
ing a factor of radiation intensity at different distances between the G-M 
counter and the experimental material, it was thought that the results ob- 
tained with radium, which is uged as an auxiliary unit for gamma ray 
emitters (8), could not deviate greatly from those with Co* or Fe’*’. 

Still a better method would have been the use of Fe* standards of dif- 
ferent intensities of radioactivity. 

The number of counts per minute per 0.01 mg of Fe in solution, 25 days 
after its receipt from Oak Ridge, at 0.5 inch from the G-M tube, was ap- 
proximately 100. The same distance from the G-M tube was used for 
measuring the radioactivity of nearly all the leaf but not the root samples. 

The distance for the roots, approximately 2.0 inches, in table II, was 
converted to the 0.5 inch distance by use of the factor obtained with the 
radium standard. However, the counts for both distances are reported in 
this table. It is possible that the converted values in the roots deviate to 
some extent due to the difference in the kinds of radiations emitted by 
Fe* and Ra*. 

The radiation counts of the leaves all obtained at 0.5 inch distance are 
reported as such in all tables without conversion by the factor of the Ra 
standard. 

Possible deviations between the leaves of different clones or between 
the plus Mn and minus Mn cultures of these clones were eliminated by the 
use of identical tissue weights and distances from the G-M tube for the 
measurement of their radiations. 

The radioactivity of the background was determined before and after 
each determination of the radioactivity of the sample. The latter was 
measured at three successive intervals and the average number of counts 
per minute minus the average number of the background counts, which 
ranged from seven to nine per minute, divided by the number of grams of 
fresh weight of the plant tissues, gave the values reported in the various 
tables as cts/m/g (counts per minute per gram 

The same conditions of uniformity of tissue weights were adopted for 
the roots, except the distance from the G-M counter, which was 2.0 inches 
for all root measurements. 

Thus in table II the values under roots, cts/m/g, indicate those actually 
obtained at the 2.0 inch distance and those calculated at the 0.5 inch dis- 
tance by the factor of the Ra standard. 


FRACTIONATION OF CELLULAR COMPONENTS 


The possibility of a greater association of iron with certain cellular com- 
ponents than with others suggested the idea of fractionating leaf tissues 
into classes characterized by certain chemical and physical properties. For 
this purpose, leaf tissues mixed with a solution of potassium hydroxide 
were macerated in a Waring Blendor. The resulting pulpy mixture was 
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separated into solid and liquid portions and the proteinaceous matter re- 
eovered from the latter by precipitation with metaphosphoric acid. De- 
tails of this procedure are, as follows: 

Fifty gm. of leaf tissues were suspended in 100 ml. of 0.05N KOH ina 
Waring Blendor and macerated for one minute. At the end of this period, 
the acidity of the mixture was examined and more KOH was added to raise 
the pH above 7.0 but below 8.0 and the maceration was continued for 10 
minutes longer. At the end of this period, the mixture was transferred to 
the coarse (not nappy) side of a piece of Canton flannel held in a 6-inch 
funnel and the liquid was extracted therefrom by manual pressure. The 
residue in the flannel was wetted with 0.05N KOH and squeezed four times 
in succession until a final volume of 250 ml. was obtained. 
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Fig. 1. Correlation of iron and protein. 












The residue in the flannel, composed mostly of cell wall material ad- 
mixed with some proteinaceous matter, fibers and other insoluble substances, 
‘ was carefully removed with a spatula, weighed and divided into two equal 
portions, one of these used for the determination of proteinaceous nitrogen 
by the Kjeldahl method, and the other for dry weight with subsequent 
measurement of its radioactivity after ashing by the method as mentioned 
above. The latter fraction should have been washed with metaphosphoric 
acid to remove possible traces of precipitated ferric iron after treatment 
with KOH, but due to oversight in the beginning and lack of ample time 
in the end of this study, such treatment was omitted. 
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The liquid fraction was centrifuged in 250 ml. centrifuge bottles to re- 
move starch and traces of fibrous and parenchymatous tissues and with 
some chloroplastic matter. The supernatant liquid was carefully removed, 
its volume determined and then divided into two equal parts which were 
placed in separate 250 ml. centrifuge bottles, one intended for the determi- 
nation of nitrogen and the other, after ashing, for radioactivity in the pro- 
teinaceous matter. These liquids after treatment with appropriate volumes 
of 10% metaphosphorie acid to cause complete precipitation of the pro- 
teinaceous-colloidal matter in suspension were centrifuged for 20 minutes 
in a centrifuge kept at 0° C. The supernatant colorless or slightly greenish 
yellow but clear liquid was decanted carefully in a flask and then the 
proteinaceous precipitate in the centrifuge bottles was treated with 50 ml. 
of 1% metaphosphoriec acid and recentrifuged to remove traces of water 
soluble Fe*®®. At the end of this operation, the supernatant liquid was 
placed in the flask which contained the liquids from the previous operation. 

The precipitates in the bottles, loosened by gentle centrifugal move- 
ments of the hand after the addition of 5 ml. or more of 0.01N KOH, were 
poured in appropriate containers; that for the determination of pro- 
teinaceous nitrogen in a Kjeldahl flask and the other for radioactivity in a 
250 ml. porcelain dish. The latter, after ashing and precipitation of Fe*’ 
with NH,OH, was transferred to metallic discs and its radioactivity meas- 
ured as stated above. 

The liquid fraction from the separation of the proteinaceous matter 
was divided into two equal volumes, each placed in 250 ml. centrifuged 
bottles and treated with acetone in the ratio of one to two that is, 80 ml. of 
the liquid fraction of 160 ml. of acetone. The mixtures in the centrifuge 
bottles, were placed for three hours in a refrigerator at —23° C and then 
centrifuged at 0° C for 20 minutes. 

The supernatant liquids were carefully decanted into clean 250 ml. cen- 
trifuge bottles while the precipitates, with strong peroxidase activity, were 
dissolved in 10 ml. 0.01N KOH solution and transferred to appropriate 
containers for the determination of proteinaceous nitrogen and radioactiv- 
ity as mentioned above. The supernatant liquids from this operation, 
treated in the 250 ml. centrifuge bottles with a few ml. of 27% NH,OH 
to precipitate Fe*’, were centrifuged. The resulting supernatant liquid 
was discarded and the precipitate, dissolved in 5-10 ml. of 1:1 HCl, 
was transferred to 15 ml. conical centrifuge tubes, where Fe’ was pre- 
cipitated out with a few ml. of 27° NH,OH, then centrifuged and the 
precipitate transferred to metallic dises, as stated above. 

The various fractions obtained by the above procedure, although not 
pure chemical entities but mixtures of related substances, are designated in 


the text as cellulose-lignin (cell wall and fibers), protein, peroxidase and 
inorganic Fe*® fractions. 
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PLANT GROWTH 


During the 2-month period of growth (August 23 to October 23) before 
the addition of Fe®® to the cultures, it became obvious that the rate of 
growth as measured by the length, width and number of leaves per plant 
was different for the various clones. Also, the number and length of the 
roots and other related morphological features such as thickness, lateral 
roots and root hairs, likewise, differed in the various clones. 

Clone 43-115 produced considerably longer leaves, and fewer roots than 
Cayenne. Also, the roots of 43-115 were thinner and carried fewer lat- 
erals than Cayenne, which may account in part for certain differences in 
the absorption of nutrient elements between these clones, as reported below. 
Clones 10845 and 9429 produced fewer leaves and roots than Cayenne but 
the roots in the former were equipped with more but very slender laterals 
than in the latter. 

Plant weights, calculated on the new growth (new tissues) of 10 leaves 
attained between August 23 and November 3, 1947, are reported in table I. 


TABLE I 


WEIGHTS OF THE NEW GROWTH OF TEN LEAVES PRODUCED BY DIFFERENT CLONES GROWN IN 
NUTRIENT SOLUTIONS WITHOUT ADDED IRON AT BERKELEY, CALIFORNIA, 
FROM AUGUST 23 TO NOVEMBER 3, 1947 
LEAF WEIGHTS (FRESH) 
CLONES eae 


gms. %* 





Cayenne 186.0 98.5 


43-115 188.2 100.0 
10845 . 112.5 59.8 
9429 97.5 51.9 


* Calculated as per cent. of 188.2 of clone 43-115. 


The values were obtained by weighing 10 of the mature (C) and active (D) 
groups from which small terminal sections representing tissues from growth 
before August 23 had been severed. 

The data showing very great differences between the weights of Cayenne 
and 43-115, on the one side, and of 10845 and 9429 on the other, may have 
been responsible for the different rates of absorption of mineral elements 
from the nutrient solutions or their dilution in plant tissues. 


RADIOACTIVITY OF PLANT TISSUES 

The data in table II, indicating the radioactivity of Fe®® in the leaf and 
root tissues of different cultures, are reported as counts (ct) per minute 
(m) per gram (g) of fresh tissue (8). 

All data are based on 10 grams of fresh tissue from two leaves per 
plant and two roots per plant, the latter weighing from one to two grams 
after removal with blotting paper of the superficial water of the nutrient 
solution. 
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The data in table II, showing different amounts of Fe®* in the roots 
and leaves of the various clones, may suggest that the rate of growth of 
such clones, together with certain differences in the morphology of their 
roots might have been the contributing factors to the differences in iron 
absorption, translocation and concentration in the tissues. The differences 
in the amounts of Fe*’, as measured by the radioactivity of the tissues, 
between leaves and roots in the same clone, in favor of the roots, were very 
great. They suggest that most Fe’’ in the roots was not absorbed into the 
tissues but presumably precipitated on the exodermal layer of cells, a con 
dition also observed in previous studies (14, 17, 20). In the cultures sup- 
plied with 100y of Mn, similar differences were greater, suggesting that 
Mn had considerably increased the deposition of Fe** on the exodermal tis- 
sues of the roois. 


TABLE II 


RADIOACTIVITY OF FE* AS CTS/M/G IN COMPOSITE SAMPLES OF NO. 4 SECTIONS OF THE 
MATURE (C) AND ACTIVE (D) LEAVES OR IN THE ROOTS MEASURED AT 0.5 AND 2.0 
INCH DISTANCES, RESPECTIVELY, FOR THE CAYENNE, 43-115, 10845 AND 9429 
PINEAPPLE CLONES GROWN FOR 15 DAYS (OCTOBER 23 TO NOVEMBER 
6, 1947) IN SOLUTION CULTURES SUPPLIED WITH 20 y or FE 
AND EITHER WITH OR WITHOUT 100 y or MN. 


























TREATMENT LEAVES Roots 
a ae — - CTS /M/G 
Ciamms FE MN 0.5/’ 2.0/7 0.5/"* ROOTS /LEAVES 
Y Y cts/m/g ets/m/q cts/m/g 
Cayenne 20 0 58 245 1225 21 
43-115 20 0 12 358 1790 149 
10845 20 0 22 558 2790 27 
9429 20 0 41 455 2275 55 
Cayenne 20 100 14 490 2450 175 
43-115 20 100 9 503 2515 220 
10845 20 100 14 630 3150 225 
9429 20 100 25 654 3270 13 





* Caleulated: The values of ets/m/g obtained at the 2 inch distance were multiplied 
by five, the ratio obtained by the radium standard for the two distances. 


The figures in the last column of table II, indicating root-iron to leaf- 
iron ratios, reveal that Fe** was more in excess in the roots than in the 
leaves of the various clones, ranging from 21 to 149 times for the minus-Mn 
cultures and from 13 to 280 times for the plus-Mn cultures. 

Somewhat similar data, obtained for the same clones in plus-Mn and 
minus-Mn cultures grown for 20 and 30 day periods, are reported in 
table ITT. 

The data in table IT show that considerably less iron was translocated 
from the roots to the leaves of the plus-Mn than minus-Mn cultures. Ex- 
cept for the differences in the periods of absorption of Fe* by roots from 
the nutrient solutions, the data in tables II and III are almost the same 
with respect to the influence of manganese on the iron content of the leaves. 
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A radioautograph, not presented here, showed that Ke* was distributed 
througkout the entire leaf area although in somewhat greater amounts 
toward the terminal than basal regions. A semicircular zone about 2.5 em. 
from the tip of the leaf, indicating the line of demarkation between the 
tissues of the old and new growth, accumulated more iron than other areas. 
Although the area of the old growth between the tip and line of demarka- 
tion contained some iron, the radioautograph did not reveal any greater 
concentrations in the fibrovascular than in the mesophyllic tissues as shown 
occasionally in chlorotic leaves by the formation of more chlorophyll along 
the leaf veins, following iron absorption through the roots, than in the 
nearby mesophyllic tissues. It is possible that the even distribution of the 
iron radiations in the leaf tissues resulted from the great thickness of the 
leaf, about 3 mm. which interfered with their outward penetration and 
recording on photographic film. Such radiations were highly intensified 
at the edges of the leaf, where the thickness was approximately 1 mm. 


TABLE III 


RADIOACTIVITY OF FE* AS CTS/M/G IN THE CHLOROPHYLLOUS SECTIONS OF THE LEAVES OF 
CAYENNE, 43-115, 10845 AND 9429 PINEAPPLE CLONES GROWN IN SOLUTION CULTURES 
FoR 20 or 30 DAYS (OCTOBER 23 TO NOVEMBER 23, OR OCTOBER 23 TO 
NOVEMBER 23, 1947) SUPPLIED WITH 20 y OF FE AND EITHER 
WITH OR WITHOUT 100 y oF MN. 











20-days 30 days 

CULTURES FE= 20 CULTURES FE= 20 

PINEAPPLE ae eines . ieee : 
CLONES Minus’ PLwUs ae “som Minus PLUvs PR oc ce 
M = : S 4 ) =Oy: 

Reon Mn Mn = 100 y MN ono MN = 100 y 








cts/m/g cts/m/g 





Cayenne 121 lost 118 44 
43-115 46 20 e 5] 38 
10845 32 15 
9429 55 38 





Previous studies (14, 15, 16, 17, 18, 19, 20, 21, 22) have indicated that 
iron, chlorophyll and protein gradients increased from the basal to the ter- 
minal sections of leaves, suggesting presumably some association between 
iron and either chlorophyll or protein, or both. Because of the existence 
of various metallo-proteins (metalloporphyrins) in plants and animals, cer- 
tain analyses were made to obtain pertinent information, which is reported 
in table IV. 

The data in table IV show that the radioactivity in the protein and 
peroxidase fractions of the 23-day plants differed considerably from that 
of the 30-day plants in the Cayenne clone. Lack of time prevented the writer 
from repeating the analyses to detect the source of disagreement in the 
peroxidase fraction. 


However, the data in the 23-day cultures show considerably greater 
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amounts of Fe®*® in the various cellular components for the Cayenne than 
for the 43-115 clone, which conform with the results in table III. The pro. 
tein fraction, which may be considered the least contaminated with inorganic 
Fe**, possessed greater radioactivity than the cellulosic-ligneous fraction, 
although the latter was four to five times greater in weight than the former. 
The high values of the peroxidase fraction in the 23-day plants cannot be 
explained. 

The radioactivity of the 30-day plants, although varying slightly from 
the 23-day plants, shows, except for the peroxidase fraction, the same rela- 
tive distribution of iron in the various cellular components. The nitrogen 
values, intended to reveal the distribution of proteinaceous matter in the 
various fractions, show that the greatest portion of Fe®” was in the protein; 
other fractions contained much smaller amounts. 


TABLE IV 


RADIOACTIVITY OF FE* IN VARIOUS CELLULAR COMPONENTS AS CTS/M/G OF FRESH LEAF TIS 
SUE OR OF DRY CELLULAR COMPONENTS AND MILLIGRAMS OF PROTEIN NITROGEN PER 
GRAM OF FRESH LFAF TISSUE, IN CAYENNE AND 43—115 PINEAPPLE CLONES 
GROWN IN SOLUTION CULTURES WITH 4 y OF FE FOR 23 AND 30 DAYS 








23 DAYS 


30 DAYS—CAYENNE 
MATURE (C) LEAVES ACTIVE (D) LEAVES 


CELLULAR CAYENNE 43-115 





"RES SSUES IRY TISSUES 
FR. WT. PR. WT. FRESH TISSUES DRY TISSUES 
COMPONENTS 
v WEIGHT CTS /M/G 
ets/m/g cts/m/q cets/m/q : 
. . mg/g o 
gm. © gms. 
Cell. x Lign* 16.50 2.33 17.0 0.266 0.355 81 48.0 
Proteint 16.80 3.80 11.2 1.410 0.083 19 135.0 
Peroxidase 16.80** 6.70 4.0 0.112 
Inorganic 1.0 


* Cell. x Lign. = Cellulosic and Ligneous (cell walls and fibers). 
** Peroxidase precipitate not ashed but dried and radioactivity measured. 
+ Impure preparation. 

The Fe** content, as indicated by the radioactivity in the various frac- 
tions, does not correlate positively with the protein-N of the fractions when 
ealeulated per unit of fresh leaf tissue. However, if such radioaetivity is 
calculated per unit (gram weight) of their respective cellular components, 
as in the last column in table IV, it increases directly with the amounts of 
the proteinaceous fraction, suggesting that iron is associated, although not 
with the catholic proteinaceous content of the cell, at least with a certain 
small section of this fraction. 

The question has often been raised (2, 7, 9, 10, 26, 27) whether iron is 
rendered unavailable by oxidation with subsequent precipitation by man- 
ganese in the nutrient solution or soil before absorption by plant roots or 
after absorption. In order to obtain information on this subject, 5 ml. of 
the nutrient solution from the plus-Mn and minus-Mn eultures, exposed t 
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the action of plant roots for 23 days at pH 4.5-6.0, were placed in containers 
which were examined under the Geiger-Muller counter for radioactivity. 
The results of these findings, indicating for the Cayenne 445 ects/m/g in 
the minus-Mn and 411 cts/m/g in the plus-Mn cultures, and for clone 43- 
115, 452 ets/m/g in the minus-Mn and 460 cts/m/g in the plus-Mn cultures, 
reveal no significant differences between the minus-Mn and plus-Mn cul- 







tures. 

The data might indicate that there were hardly sufficient changes to make 
certain that precipitation of Fe by Mn had taken place in the nutrient solu- 
tion. Although the conditions were unsuitable for the oxidation and subse- 
quent precipitation of Fe®’ in solution cultures supplied with metaphosphate 
as the sole source of PO, and at acidities ranging mostly from pH 4.0 to 5.5, 
nevertheless, depositions of Fe*® took place on the exodermal root tissues 
more so in cultures supplied with Mn than without. Therefore, the results 
suggest that certain conditions on the root surface, not yet satisfactorily ex- 
plainable, develop in the absence as well as in the presence of Mn during 
the absorption of iron which are primarily responsible for the oxidation and 
precipitation of iron. The presence of Mn increases the amounts of Fe pre- 
cipitation. However, such precipitated iron may be made slowly available 
to plants by the action of acids resulting from a greater rate of absorption 
of cations than anions or by reducing agents (14, 17, 20). 



















Discussion 






The results presented above indicate that in nutrient cultures supplied 
with or without manganese, iron was deposited in great amounts in the 
exodermal tissues of pineapple roots, some of which was translocated to the 
leaves but the greatest portion remained insoluble and consequently un- 
available. In cultures with high concentrations of Mn (100 y), the amounts 
of iron deposited in the exodermal root tissues increased and those trans- 







located to the leaves decreased. 





Because of the deposition of great amounts of iron in the exodermal tis- 





sues of roots in the absence of Mn, which may be increased considerably in 





its presence, the causes for the precipitation and deposition of iron cannot 
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be alone ascribed to the action of Mn. Such causes, inherent in the exo- 





dermal tissues of the roots, are only augmented in the presence of Mn. 
Previous studies (14, 17, 20) showed that high pH values generated by 
a greater rate of absorption by roots of anions than cations (NO, vs. K or 









Ca) contributed as much to the precipitation and deposition of Fe in the 





exodermal tissues of roots and to the low amounts in the leaves as high 
amounts of Mn in the nutrient solution. 





Possible mechanisms for explaining the deposition of iron in the exo- 


Ba ENE A it 





dermal tissues of roots grown in solution cultures supplied with or without 
Mn may be attributed to (a) the alkalinity of the products of hydrolysis of 
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bicarbonate ions (HCO,) formed from CO, by respiring roots, and (b) the 
oxidation of iron by manganese according to the reaction: 
Fe* + Mn*** = Fe** + Mn* 

Both reactions, resulting in the oxidation of Fe** to Fe***, are possible 
in soils of higher pH than 5.5 and in the exodermal tissues of roots but not 
as much in the chlorophyllous tissues of leaves with high acidity (pH 3.4- 
4.6) and reducing agents such as ascorbic acid (15, 18, 21). 

The production of chlorosis in soybean plants only by certain iron and 
manganese combinations and not by others caused Somers and Suive (25) 
to assume that good growth and development of plants free from pathologi- 
cal symptoms depended on a two to one ratio of iron to manganese within 
the plant tissues and in the nutrient solution, and that ratios with values 
higher than two produced iron toxicity, and lower than two, manganese 
toxicity. A similar view has also been shared by TwyMAN (27). However, 
BENNETT (1) found in tomato plants that ratios of iron to manganese rang- 
ing from 1.6 to 0.1, with maximum Fe at 50y and Mn at 80y, and with 
minimum Fe at 5y and Mn at 5+y produced green leaves, whereas similar 
ratios ranging from 0.08 to 0.01, with maximum Fe at 8 y and Mn at 180 y, 
and with minimum Fe at 0.5 y and Mn at 50y produced chlorotic plants. 
Unpublished data of the writer have shown that iron to manganese ratios 
higher than 0.01, with maximum Fe at 5y and Mn at 50, and with mini- 
mum Fe at 0.5 y and Mn at 5+ produced green plants, but similar ratios of 
0.001 with Fe at 0.05 y and Mn at 50 y produced chlorotic plants. 

The above comparisons show that different plants may require different 
iron-manganese ratios because according to previous studies (14, 17, 20), 
the absorption and translocation of iron may depend on the acidity of the 
exodermal root tissues, which is affected by the ratio of cations to anions 
entering the roots simiultaneously. Moreover, the rate of utilization of 
either Fe or Mn in the tissues for the synthesis of metalloproteins may de- 
termine the rate of translocation of these elements from roots to leaves. The 
toxicity theory (25, 27) at concentrations 50 y of Mn or 5y Fe, although 
possible, cannot be easily understood, since the writer witnessed pineapple 
plants grown by J. P. Bennett in solution cultures supplied with 300 y of 
Mn and some even with higher amounts, unless such plants were not absorb- 
ing Mn at the rate of supply. 

The results in table IV, showing a certain degree of association of iron 
to protein, and previous studies (14, 15, 16), summarized in figure 1, indi- 
eating positive correlation between iron and protein (r = 0.80 and t = 3.098, 
requiring for significance t = 2.660 at P.01), suggest that iron may be in 
stoichiometric relationship with a certain section but not with the entire 
proteinaceous fraction of the cell. However, with future improvements in 
the subdivision of the proteinaceous fraction, the iron-containing section 
may be isolated and identified. 

Protein, chlorophyll and iron relationships in a variegated variety of 
Ananas comosus (L.) Merr. are reported in table V. 
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The data indicate that with greater amounts of chlorophyll in the green 
than chlorotic areas of the same leaves both protein and iron increased, but 
not in stoichiometric proportions. 

The occurrence of iron in the chloroplasts of various plants has been re- 
ported by Moor (13). Similar findings were reported for the chloroplasts 
of Zea mays and Hordeum distichum by GriessMEYER (3), for spinach by 
Liesicx (11) and Claytonia by Hm and Leman (5). Jacopson (6) 
found in tobacco that from 65 to 85% of the total leaf iron was in the chloro- 
plasts. Also, MommaArrts (12) and Jacozson (6) found iron in the purified 
chlorophyll protein complex substances of corn and tobacco leaves, which 
results are in agreement with the data in table V for pineapple leaves. 

These results and those of others indicating certain relationships between 
chlorophyll, protein and iron suggest that all three substances must bear a 
stoichiometric relationship in a certain section of the proteinaceous complex 
in the chloroplast, the identity of which has not yet been definitely estab- 
lished. 

TABLE V 
CHLOROPHYLL, PROTEIN-N AND IRON IN GREEN AND CHLOROTIC AREAS OF THE LEAVES OF A 
VARIEGATED STRAIN OF Anadnds comosus (L.) MERR, 











LEAF AREAS 

CELLULAR COMPONENTS 

OF DRIED TISSUES GREEN CHLOROTIC 
MG/G MG/G 








Chlorophyll ae : 2.76 0.38 
ee See nee 88.00 57.80 
0.0095 0.0041 





Summary 


The following results were obtained from experiments on the absorption 
and translocation of radioactive iron (Fe°®) in pineapple plants grown in 
nutrient solutions supplied with 20 y or 4y of Fe®’, and either with 100 y 
or without manganese. 

1. Most iron removed from the nutrient solution was deposited in the 
roots, presumably in the exodermal tissues, more so in the cultures supplied 
with than without manganese. 

2. The amounts of translocated iron from the roots to the leaves was 
considerably lower in the cultures supplied with than without manganese. 

3. No precipitation of iron could be detected with certainty in the nutri- 
ent solutions containing manganese as a result of the reaction Fe** + Mn*** 
= Fe*+ + Mn*. 

4. Considerable amounts of the translocated iron remained in the pro- 
teinaceous matter of the cells and others in the cell walls and substances 
with peroxidase activity. 


.. The data suggest that iron may occur in combination with some pro- 
teimaceous fraction, presumably an enzyme, which activates the formation 
£ ° . . . . 
or certain other proteins intimately related with chlorophyll. 
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It has long been recognized that one of the most essential needs of in- 
vestigators of problems of growth and development in plants is experimen- 
tal material in which growth and development can be studied in a rigidly 
controlled environment. Methods for the culture of parts of plants in 
nutrient media under sterile conditions provide, in a measure, a means of 
controlling the environment. Successful isolated root culture experi- 
ments have been conducted by Korte (6, 7), Roppins (8), Wurre (16), Ap- 
picorr and BONNER (1) and BonNer and DeviriAn (3) on more than 20 
species of dicotyledonous plants. Much less success has characterized at- 
tempts to culture roots of monocotyledonous plants (WHALEY and Lona, 
15). In general, the investigations have been concerned either with im- 
provement of the techniques or with determining the general picture of 
physiological requirements of roots. 

BonNER and DeviriAn (3) and Bonner (4) have shown that roots of 
different species vary appreciably as to the nutrients with which they must 
be supplied for satisfactory growth in culture. Ropprns (13) and WHALEY 
and Lona (15) have shown that roots of different lines of tomato differ 
particularly in vitamin requirements. The results do not make it clear as 
to whether the differences in response to added vitamins represent differ- 
ences in ability of the roots to synthesize these substances for themselves or 
differences in ability to utilize the supplements. It can be anticipated, 
however, that if such differences exist among lines within a given species 
they may play some part in the development of general metabolic differ- 
ences. It should be possible to study the inheritance patterns of these 
differences by utilization of root culture techniques in combination with a 
hybridization program to produce progeny in which these same characteris- 
tics can be investigated. The present study has been aimed at detecting 
the existence of line differences in roots of the tomato, Lycopersicon escu- 
lentum Mill. and related species with respect to the ability of the roots to 
synthesize and/or utilize thiamin, pyridoxine and niacin; at evaluating the 
significance of such differences ; and ultimately at studying the inheritance 
of these differences. 
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WHALEY ET AL.! MEASUREMENT OF GROWTH 


Materials and methods 


The tomato roots used were those of the University of Texas laboratory 
line number 151. Seeds of this particular line, inbred through six genera- 
tions, were kindly furnished by Dr. Leroy Powers of the United States Hor- 
ticultural Station in Cheyenne, Wyoming. 

Seeds were sterilized in 1% bromine water, washed repeatedly in sterile 
water, and germinated on 1% sterile agar. When the roots had emerged 
sufficiently, a one-centimeter section of each selected root tip was aseptically 
transferred to a 125 ml. Erlenmeyer flask containing 50 ml. of nutrient 
solution. After two weeks, one flask was selected on the basis of good root 
growth, and all the others were discarded. The root selected was removed 
from the flask to a dish containing sterile nutrient solution and a one-cen- 
timeter apical piece was cut from each lateral root. Each of these lateral 
root pieces was then transferred to a nutrient-containing flask where it 
was allowed to grow for another two-week period. In this manner a stock 
supply of roots was built up. Barring the possibility of mutation during 
the course of the experiment (there was no suggestion of such mutation), 
it can be assumed that the roots used were all completely uniform genet- 
ically. 

The nutrient used was the one now generally referred to as White’s 
(22) mineral solution. It contains per liter: MgSO,—360.0 mg., Ca(NO;). 
—200.0 mg., Na,SO,—200.0 mg., KNO,—80.0 mg., KC1—65.0 mg., NaH,PO, 
H,O—16.5 mg., Fe.(So,);—2.5 mg., MnSO,—4.5 mg., ZnSO,—1.5 mg., 
H,BO;—1.5 mg., KI—0.75 mg., and 20000.0 mg. of sucrose. Three mg. of 
glycine per liter were also added on the basis of White’s (20) recommenda- 
tion with reference to increased growth of tomato roots in solutions con- 
taining glycine, although, as has been suggested, it is to be doubted that 
the glycine is an essential addition. To the solutions in which the root 
clones were built up there were added, per liter of the solution, 0.1 mg. of 
thiamin, 0.1 mg. of pyridoxine, and 0.5 mg. of niacin. Building up of the 
stocks was thus accomplished in what is referred to below as the full vita- 
min supplement medium, containing all three of the vitamin supplements 
studied. In the series of experiments this full vitamin supplement medium 
and seven variations of it were used. These were: (1) the complete nu- 
trient solution consisting of mineral salts, sucrose, and glycine, and supple- 
mented with thiamin, pyridoxine, and niacin, (2) the solution complete as 
above, but without the vitamin supplements, (3) the solution complete as 
above plus thiamin only (niacin and pyridoxine deficient), (4) the solution 
complete as above, plus thiamin and pyridoxine (niacin deficient), (5) the 
solution complete as above, plus pyridoxine (niacin and thiamin deficient), 
(6) the solution complete as above, plus niacin and pyridoxine (thia- 
min deficient), (7) the solution complete as above, plus niacin (thia- 
min and pyridoxine deficient), (8) the solution complete as above, plus 
niacin and thiamin (pyridoxine deficient). 
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When the number of root tips in the stock cultures was sufficient to 
provide a complete experimental set the roots were removed from the flasks 
and lateral root tip segments were removed from each of the roots for trans- 
planting into the solutions in which their growth was to be evaluated. To 
preclude the possibility of transferring vitamins from the stock culture 
solutions into the culture media in which final growth measurements were 
to be made, a ‘‘weaning’’ period was provided. Root tip segments were 
transferred from the stock culture solutions to flasks containing the nutrient 
of the same composition as that in which final determinations were to be 
made. They were allowed to grow in these flasks for a period of ten days; 
then subcultures of lateral root tip segments were made from these roots 
and transferred to new flasks of the same solutions. Thus, uniform one-cen- 
timeter lateral root tip segments were introduced into 80 flasks of each of 
the experimental solutions. All cultures were maintained at a constant 
temperature of 28° C and were exposed to weak, diffuse light from a mix- 
ture of incandescent bulbs and fluorescent tubes. 

Samples were taken at seven day intervals. At each sampling eight 
cultures were selected from each treatment for volume and weight deter- 
minations, two were set aside for histological studies, and two were reserved 
for respiration measurements. In selecting the cultures those showing 
little or no growth, probably as the result of injury during transfer, or 
those aberrant in any other manner were discarded, as were all visibly con- 
taminated cultures. The present paper is concerned with the measurement 
of growth as determined by volume, fresh weight and dry weight. The re- 
sults of the respiration measurements and those of the histological studies 
will be reported in separate papers. 

Earlier attempts at evaluating growth of root cultures have been con- 
fined to measurements of length and weight determinations. BONNER and 
DeEvir1AN (3) measured the length of the main root during the first week 
after the setting up of cultures. In many root lines there is little or no 
branching. In his earlier papers on wheat (16, 17, 18), White measured 
growth by determining length increase of the main root axis plus the length 
of all lateral roots; in other words, a figure of total root length. In the 
remainder of his papers (19 et seg.) White has used the length of the cen- 
tral axis of the root as a measure of growth. Frepier (5) has used both 
length and dry weight as measures of growth of corn roots in culture. 
Rossins and his co-workers (9, 10, 11, 12, 13, 14) and WHALEy and Lone 
(15) have based growth determinations principally on dry weight measure- 
ments. While length and dry weight measurements are quite satisfactory 
for comparative studies within a single strain of roots, or for studies in 
which various strains of roots are compared over relatively short periods of 
time, it is essential to have a more complete measure of the various aspects 
of growth if this technique of root culture is utilized for the study of rela- 
tively minor physiological differences in roots of different genetic consti- 
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tutions, because the patterns of growth differ both genetically and in re- 
sponse to different culture conditions. 
With this fact in mind, volume increase, fresh weight increase, and dry 
weight increase have been determined with the thought that these three 
figures would give a fairly comprehensive picture of mass increase and 
actual protoplasmic syntheses, and that the results could be evaluated 
against those obtained in the respiration and histological studies. The 
measurement of volume in these small roots was made by the use of an 
especially designed volumeter. This apparatus (figure 1) operates on the 


Fic. 1. Volumeter with which the volumes of roots were determined. The ap- 
paratus consists of two water reservoirs A and B, two mercury reservoirs C and D, and 
two pipettes E and F which are calibrated in 0.001 ml. divisions. In operation, the level 
of the mercury in pipette F is recorded when reservoir A is filled with water until the 
water overflow extends to the zero volume in pipette E. The water in reservoir A is then 
transferred to reservoir C by lowering bulb D. The tissue is placed in reservoir A and 
the water readmitted to this chamber by raising bulb D. When the mercury leveling 
bulb is so adjusted that the mercury level in pipette F is the same as the initially re- 
corded value, the increased volume in pipette E is equal to the volume of the plant tissue. 
Water reservoir B and the two stopeocks are used to adjust the water levels to zero and 
to aid in cleaning reservoir A. 


displacement principle. While this volumeter cannot be used for a series 
of rapid measurements, it has been developed to the point of sufficient ac- 
curacy to allow for the detection of very small differences in volume. Be- 
fore it was utilized on this experimental material, a large number of indi- 
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vidual roots were measured repeatedly and the results compared with aver- 
age figures determined from the measurement of several roots at one time. 
It-was established that the variation within individual samples was signifi- 
eantly less than the differences between samples. After this fact had been 
determined, roots were measured in groups rather than individually and an 
average root volume was calculated. When roots became too large for 
measurement in this apparatus, they were measured in another volumeter 
which is a simpler adaptation of the displacement principle. 

After the root volume had been determined, the same roots used for the 
volume determinations were blotted lightly with filter paper to remove ex- 
cess water and weighed individually or in groups. They were then placed 
in an oven at 105° C and dried to a constant weight for a dry weight de- 
termination. 

Inasmuch as all of the roots in the present experiment were grown in 
media containing the same mineral nutrients and supplemented with the 
same carbohydrate, differences in growth behavior presumably reflect dif- 
ferences in responses to the vitamin supplements. 


Results 


Figure 2 shows the changes in volume of differently supplemented line 
151 tomato root cultures measured at weekly intervals over a period of four 
weeks. In each instance average growth and growth of the best roots have 
been represented. The graphs have been prepared by combining the results 
from three sets of data obtained as outlined above. 

At the end of one week in treatment one, the average volume of the 
roots was 0.020 ml. in a culture medium supplemented with thiamin, niacin, 
and pyridoxine. In no other culture solution did the roots nearly approach 
this volume after one week. It should be noted, however, that part of this 
advantage is undoubtedly derived from the fact that these roots were cul- 
tured in a completely supplemented medium during the so-called ‘‘ wean- 
ing’’ period. 

Roots in treatment two without any vitamin supplements were the 
smallest of the roots at the beginning of the experiment because they did 
not make any appreciable growth during the weaning period. The average 
increase over the four-week period was from 0.003 ml. to 0.017 ml. At the 
end of four weeks, the roots in treatment two had not reached the average 
size of the roots in treatment one at the end of one week. 

Roots in treatment three in which thiamin only was added to the culture 
medium behaved essentially like those in the vitamin-free nutrient. This 
fact suggests that in this instance thiamin alone has no beneficial effect 
upon the roots. 

To make certain that the factor involved here was not too low a con- 
centration of thiamin (or any of the other vitamins) in the medium, an 
experimental series was run in which the concentration of each of the vita- 
min supplements was increased tenfold, that is, to one mg. per liter of thia- 
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min, five mg. per liter of niacin, and one mg. per liter of pyridoxine. The 
results from this series essentially duplicated those in the regular series. 
In no instance were there significant increases in growth; and in one or two 
instances there were suggestions that the higher concentrations were less 
effective, or perhaps slightly toxic. 
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WEEKS 
Fie. 2. A, Average volume changes in roots grown in the variously supplemented 
cultures. The changes in volume were, of course, by no means as abrupt as are indicated 
by these graphs which have been based on measurements at weekly intervals. The 
weekly interval, in some instances at least, obviously covers periods in which growth rate 
has changed markedly, but the time of this change is not detectable when measuremnts 
are spaced at this interval. B. Continuation of A. 


Roots grown in treatment four which contained thiamin and pyridoxine 
showed a greater spread than those of most other treatments in the differ- 
ence between average root growth and the growth of the best roots, but in 
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both cases growth was distinctly better than in either the vitamin-free me- 
dium or the medium supplemented with only thiamin, and very signifi- 
cantly less than in the medium supplemented with all three vitamins. 

Growth in treatments five, six and seven supplemented, respectively, with 
pyridoxine alone, niacin and pyridoxine, and niacin alone was uniformly 
poor. In no case was there any suggestion that growth in these solutions 
was any better than that in the vitamin-free medium. 

Growth in treatment eight supplemented with thiamin and niacin gave 
results which approached the growth in the fully supplemented medium. 

The results seem to suggest some complementary effect derived from 
adding niacin or pyridoxine to cultures containing thiamin. This comple- 
mentary effect must be concerned with factors other than a simple increase 
in concentration inasmuch as a tenfold increase in the vitamin concentra- 
tions separately or together produced no increase in growth beyond that 
observed with unit concentration. Furthermore, it is specifically concerned 
with thiamin as supplemented by either niacin or pyridoxine. The com- 
bination of niacin and pyridoxine was ineffective. The complementary 
effect is further heightened when both niacin and pyridoxine are added to 
cultures containing thiamin. More vigorous roots resulted in every in- 
stance in the fully supplemented culture medium. 

As was to be anticipated, the behavior of fresh weight (not shown) 
follows approximately the same pattern as that of volume. Dry weight 
changes are shown in figure 3. These, like the fresh weight changes, con- 
form fairly closely to the pattern of volume changes. In some other lines 
of tomato roots to be reported on in another paper this close conformity 
does not exist. 


Discussion 

The early reports of Rospins (8) and Wurre (19) referred to yeast ex- 
tract as essential for the satisfactory growth of roots in culture. In 1937 
BonNER (2) suggested that thiamin chloride, vitamin B,, was the active 
principle of the. yeast extract. Bonner substituted crystalline thiamin 
chloride for the yeast extract in pea root cultures and found that the roots 
grew as well as or better than those in cultures supplemented with yeast ex- 
tract. At about the same time Ropsrns and BArtLey (9) showed thiamin 
to be essential for the growth of tomato roots in culture. Robbins and 
Bartley reported, however, that when thiamin was substituted for yeast 
extract in their tomato root cultures, growth was not quite as good as in 
cultures supplemented with yeast extract. On the basis of this fact, they 
suggested that thiamin would not act as a complete substitute for the yeast 
extract. 

In 1938 Appicort and BoNNER (1) reported that growth of pea roots in 
thiamin-supplemented cultures was further enhanced by the addition of 
niacin. In 1939 Ropsins and Scumiptr (11) showed pyridoxine, vitamin 
B,, to be a beneficial factor in tomato root growth. In the same year Ros- 
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pins and Scumipt (12) evaluated growth of tomato roots in culture solu- 
tions containing thiamin, pyridoxine, and nicotinic acid. Both thiamin 
and pyridoxine had beneficial effects; the effect of pyridoxine being much 
greater when it was used in the presence of thiamin. 

BonNER and DeviriAN (3) showed that roots isolated from the ‘“‘beef- 
steak’’ variety of tomato require both thiamin and pyridoxine for satisfac- 
tory growth, and that growth could be further increased by the addition of 
niacin to cultures containing these two supplements. They reported that 
neither thiamin, pyridoxine, nor niacin alone would support appreciable 
growth. 
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Fig. 3. A. Average dry weight changes in roots grown in variously supplemented 


media; measurements made at weekly intervals. B. Continuation of A. 


In the following year Wurre (21) tested both his and Robbins’ strains 
of tomato roots for responses to thiamin and pyridoxine. He concluded on 
the basis of his data that the beneficial effect of pyridoxine resulted from 
its capacity to act as a substitute for thiamin. In the same year BONNER 
(4) concluded that in five strains of tomato roots pyridoxine was an essen- 
tial requirement, even though thiamin was present in the culture medium. 
His results indicate that all of his lines required thiamin, pyridoxine, and 
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niacin, although all of them would make some growth without niacin. 
Bonner tested glycine and found that it could not replace pyridoxine in 
the nutrition of his root lines. In 1941 Rossins (13) analyzed the growth 
responses of roots of Johannesfeuer, a variety of L. esculentum, those of 
Red Currant, L. pimpinellifoliwm, and those of the hybrid between the two. 
Roots of Johannesfeuer showed greatest response to the addition of pyri- 
doxine when thiamin was also present, less response to the addition of 
nicotinamide (the amide is apparently as active as niacin) in the presence 
of both thiamin and pyridoxine. The Red Currant roots made a greater 
response to nicotinamide than to pyridoxine. Roots of the hybrid grew 
more than those of the inbred lines in solutions supplemented with thiamin, 
pyridoxine and niacin or nicotinamide. In fully supplemented solutions 
the roots of Red Current grew nearly as well as those of the hybrid. 

Wuatey and Lone (15) reported results similar to those of Robbins. 
They evaluated the growth of roots of two varieties of L. esculentum, Red 
River and Pritchard, and their F, hybrid which showed distinet hybrid 
vigor. The roots of Pritchard made a greater growth response to pyri- 
doxine than those of the other inbred. The roots of Red River made a 
greater response to nicotinamide. The hybrid appeared to respond to 
both substances, but made about three times as much growth in a fully sup- 
plemented medium as did either inbred. 

In general, the results of the early investigations suggest that thiamin 
must be added to the culture medium for the growth of most tomato roots, 
and that pyridoxine and niacin or nicotinamide are required by some but 
not all strains of roots. 

Thiamin is apparently a requirement for the metabolism of all types of 
cells. It is supposed that one of its important roles is in carbohydrate 
metabolism. Inasmuch as most of the tomato root cultures on which growth 
studies have been made have reacted to added thiamin by increased growth, 
it can be assumed that such isolated root tissue lacks the ability to syn- 
thesize this essential substance. This seems a logical assumption in view of 
the evidence of the apparently universal need for thiamin and the fact that 
some forms can synthesize it provided thiazole and pyrimidine, the two 
components of the molecule, are both present. 

The need for pyridoxine has been less well established. It appears to 
be important in the growth of many bacteria, yeasts and certain other fungi, 
but its rdle in the cellular metabolism of higher organisms has not been ex- 
plored in any detail. A summary of the evidence for the utilization of 
pyridoxine by tomato roots seems to indicate a definite requirement of 
pyridoxine by certain lines if they are to make maximum growth. How- 
ever, the lines which require it for maximum growth are usually capable 
of making some growth without it. 

Niacin appears to be an essential or at least an important factor in the 
growth of several lower organisms. In most instances either niacin or 
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nicotinamide is effective, but in a few cases only nicotinamide has proved 
to be effective. Niacin is known to be important in the composition of 
coenzyme I and coenzyme II. 

The results of the experiments reported here on tomato line 151 agree 
with the previously reported work in that greatest growth of the roots was 
found in cultures supplemented with thiamin, niacin, and pyridoxine. 
Growth in cultures which were not supplemented with any of the vitamins 
was very poor. The behavior of this line of roots differed from that of roots 
used in the earlier experiments particularly with respect to thiamin. In no 
instance did roots grown in a culture medium supplemented only with thia- 
min show growth appreciably greater than those grown in a vitamin-free 
medium. Taken alone, this fact might indicate either that thiamin is not 
essential for the growth of the roots of this particular line, or that these 
roots have an ability to synthesize sufficient thiamin for their own use. 
That neither of these assumptions is a part of the proper interpretation is 
made clear by the behavior of 151 roots in the cultures containing niacin 
alone or thiamin and niacin. Niacin alone does not raise the level of 
growth over that in the non-vitamin supplemented cultures, but niacin 
added to cultures which also contain thiamin produces roots which grow 
practically as much as those in the full vitamin supplemented cultures. 
When these facts are considered alongside the behavior of the roots in eul- 
tures supplemented only by pyridoxine or by thiamin and pyridoxine, a 
definite pattern of behavior for roots of this line appears. 

It can be assumed from the data that thiamin is essential for the growth 
of line 151 roots, and that it is not synthesized by the roots themselves in 
sufficient amounts to produce good root growth. The absence of thiamin is 
a basic deficiency. However, the presence of thiamin does not produce 
satisfactory growth unless either pyridoxine or niacin or both are present 
in addition to the thiamin. Inasmuch as added pyridoxine produces much 
less response than added niacin, its lack can be considered either as a less 
important deficiency, or the assumption can be made that the roots have a 
capacity to produce some pyridoxine by their own metabolic processes. 
Lack of niacin is obviously an important deficiency, but the addition of 
niacin is effective only if the thiamin has also been provided. One can 
therefore postulate that roots of line 151 require thiamin for satisfactory 
growth and lack the ability to synthesize niacin from the materials avail- 
able in the growth media. They may have some ability to synthesize pyri- 
doxine, perhaps in less than optimum amounts. Complementary effects of 
these vitamin substances thus permit roots of line 151 to be classified as 
thiamin and niacin deficient, and probably weak in the production of pyri- 
doxine for their own use. 


Summary 


Methods were evolved for determining volume changes of excised roots 
grown in culture. Volume increases of roots of University of Texas labora- 
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tory line 151 of tomato were measured at seven day intervals and the data 
correlated with fresh and dry weight measurements of the same roots. 

Line 151 roots grew best in White’s solution with sucrose and glycine, 
supplemented with thiamin, niacin, and pyridoxine. They grew least in 
the absence of all of these vitamins. 

The data indicate that line 151 roots require the addition of thiamin 
and niacin or pyridoxine for growth, and suggest complementary action of 
thiamin and either niacin or pyridoxine. 
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Early studies on culture methods for excised roots have been summarized 
in review papers by Wuire (8, 11) and the adaptation of these methods to 
the experiments described here has been set forth in the first paper in this 
series (WHALEY, et al.,7). The method consists of growing roots aseptically 
in a solution containing inorganic salts supplemented with sucrose, with 
glycine, and with such vitamins or other accessory growth substances as are 
under investigation in a particular experiment. 

The present series of experiments has been concerned with the roles of 
thiamin, niacin, and pyridoxine in the growth of roots of a particular line 
of tomato, Lycopersicon esculentum Mill, University of Texas Laboratory 
line 151. The growth responses of this tomato line have been discussed in 
detail by Wua ey, et al., (7). The present paper is concerned with the 
correlations between these growth responses and respiratory rates, and thus 
with the possible influence of these vitamins on respiration. 

The concept that the response of tomato root tissue to various organic 
supplements might be associated with respiration was suggested by WuirTr 
(9). An earlier investigation of the oxygen relations of intact tomato roots 
had been made by CLarRK and Suive (1). These investigators noted that 
an increased oxygen supply increased the growth of intact roots. The respi- 
ration of carrot and willow tissues grown in culture has been studied by 
PLANTEFOL and GAUTHEREY? (6). The influence of heteroauxin on the respi- 
ration of Jerusalem artichoke tissues grown in culture has been studied by 
La CuHaux (4). HENDERSON and Staurrer (3) have studied the effect of 
various respiratory inhibitors on the rate of respiration of isolated root tips 
of the ‘‘Bonny Best’’ variety of tomato by means of the Warburg mano- 
metric technique. They concluded that the respiration of such tomato roots 
is similar to that of other tissues in range of intensity, that minced root tis- 
sues or root slices did not have markedly higher respiration rates, and that 
changes in the oxygen content in the air above these tissues did not greatly 
alter the respiration rate. 

The Warburg apparatus was also used by Wuire (10) to study the res- 
piration rates of cultured crown-gall tissues. The results which White ob- 
tained indicated that such tissues did not differ greatly from normal intact 
tissues in their respiratory rates. 

The relationship between the various vitamin requirements of genetic 
lines of tomato roots grown in culture and the respiration rates of these root 
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tissues has not been investigated. This problem is of fundamental impor- 
tance in determining the nature of the metabolic processes involving vitamin 
deficiencies in various genetic lines of tomato. The purpose of the present 
investigation was to ascertain what differences, if any, exist in the respira- 
tion rates of isolated tomato root tissues when grown in White’s medium 
variously supplemented with thiamin, niacin, and pyridoxine, both singly 
and in combinations. 


Materials and methods 

Excised roots of tomato line 151 were grown in White’s solution contain- 
ing 2% sucrose, glycine, and various vitamin supplements as follows: (1) 
complete (thiamin plus niacin plus pyridoxine); (2) vitamin free; (3) 
thiamin; (4) thiamin plus pyridoxine; (5) pyridoxine; (6) niacin plus 
pyridoxine ; (7) niacin; and (8) thiamin plus niacin. 

At weekly intervals two or three flasks of each vitamin treatment were 
selected for respiration measurements. The dry weight of the roots selected 
ranged approximately from one to 80 milligrams depending upon the growth 
which had occurred during the experimental period. Roots from cultures 
with identical supplements were combined and placed in the main well of a 
Warburg respirometer vessel. A separate respirometer vessel was used for 
each vitamin supplement. The roots were covered with a composite solu- 
tion made from the solutions in which they had been grown. The vessel 
side arm contained 0.2 ml. of 1.25% NaOH to absorb the carbon dioxide 
released by respiration. The vesseis were attached to Warburg manometers 
and shaken at the rate of 150 oscillations per minute in a water bath main- 
tained within 0.05° C of the temperature of the culture room in which the 
roots had been grown (28° C). The vessels and their contents were allowed 
to equilibrate for a period of twenty minutes, after which the stopcocks were 
closed and readings of the oxygen uptake were taken at five minute intervals 
for a period of 70 minutes. 

The root pieces were then removed from the vessels and the volume of 
the tissue from each Warburg vessel was determind by means of water dis- 
placement in a volumeter (WHALEY, ef al.,7). After volume measurement 
the roots were transferred to tared weighing bottles and dried to constant 
weight at 105° C. Calculations of oxygen uptake on the basis of volume and 
of dry weight were made after application of the usual manometric con- 
stants. To provide further data for interpretation of the results in later 
experiments, and because of their possible significance in relation to respira- 
tion figures, acidity determinations were made with a pH meter on the 
original solutions and on the composite solutions in which the actual respira- 
tory measurements were made. 


Results and discussion 
Table I shows the results of three series of measurements. Thé results 
are expressed as oxygen consumed per hour on the basis of unit volume of 
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TABLE I 


THE RESPIRATION RATES OF ISOLATED ROOTS OF TOMATO LINE 151 CULTURED IN WHITE’s 

MEDIUM WITH SUCROSE, GLYCINE, AND VARIOUS VITAMIN SUPPLEMENTS AS INDICATED. 

RESPIRATION WAS DETERMINED BY THE WARBURG MANOMETRIC TECHNIQUE. DASH LINES 
INDICATE AN INSIGNIFICANT AMOUNT OF RESPIRATION. 





























MM3 OXYGEN/ML, VOLUME MM3 OXYGEN/CG. DRY 
VITAMIN OF TISSUE/HR. WEIGHT OF TISSUE/HR. 
SUPPLEMENT jamais ere oo 
AGE OF CULTURE IN WEEKS AGE OF CULTURE IN WEEKS 
1 2 3 4 1 2 3 4 
1st SERIES 
1, All Vitamins 590 280 360 170 43 36 23 17 
2. Vitamin Free 260 —- - ao — — — - 
3. Thiamin 390 260 — — _ 7 _- - 
4. Thiamin, 
Pyridoxine 520 390 250 100 37 35 21 3 
5. Pyridoxine 260 — — = -- — — — 
8. Thiamin, Niacin ~- 590 390 350 — 69 38 14 
2ND SERIES 
1. All Vitamins 795 765 310 65 63 22 20.5 4 
4. Thiamin, 
Pyridoxine 960 670 570 190 83 34 32.5 10 
8. Thiamin, Niacin 995 510 145 — 51 13 1] 
3RD SERIES 
1. All Vitamins 1070 550 720 410 61 64 42 28 
4. Thiamin, 
Pyridoxine 600 1200 440 480 112 112 35 34 
8. Thiamin, Niacin 800 — 990 = 90 — 72 a 





root and unit dry weight of root. In general, the respiration rate on the 
dry weight basis falls within the range for tomato root tissue found by 
HENDERSON and Staurrer (3). It was established in preliminary experi- 
ments (only a few of which are summarized in table I) that there is a meas- 
urable, but low, respiration rate in vitamin-free cultures, at least for the 
early sampling periods. These cultures.were observed to grow but very 
little. When either niacin or pyridoxine is added to cultures containing 
thiamin, root growth is very much better than in the vitamin-free medium 
or single vitamin-supplemented media. Cultures containing thiamin and 
niacin or pyridoxine also exhibit striking increases in the rate of respiration 
over those lacking vitamins or having only a single vitamin supplement. 
That the effect is a complementary one involving thiamin as the basic de- 
ficiency is seen from the fact that thiamin supplemented with either niacin 
or pyridoxine supports growth very effectively, but that niacin and pyri- 
doxine in the absence of thiamin do not support growth at an appreciably 
higher rate than in the vitamin-free medium. (WHALEY, et al., 7.) This 
was also found to be true with regard to root respiration. <A similar com- 
plementary effect of thiamin and pyridoxine has been observed independ- 
ently by Lee (Unpublished, 5) working with isolated roots of a line of to- 
mato derived from the variety Pritchard. In the earlier paper in this series 
(Wa .ey, et al., 7) it was noted that there seemed to be a ‘‘double”’ or 
heightened complementing effect when both niacin and pyridoxine were 
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added to cultures containing thiamin. This growth difference does not 
seem to be reflected in higher respiration rates, but it is, of course, not pos- 
sible, within the experimental limits of the techniques used, to state that at 
certain times the cultures containing all three vitamins may not have had 
higher respiration rates. It is possible to state only that when measured, 
the respiration rates of the full vitamin-supplemented roots were not uni- 
formly higher than those grown in cultures containing thiamin and niacin 
or thiamin and pyridoxine. 

Respiration data from the experiments with line 151 are summarized in 
graphic form in figure 1. It is apparent from inspection of either table I 
or figure 1 that in all cultures there was a decrease in the rate of respira- 
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Fig. 1. Respiration rates of isolated roots of, tomato line 151 showing weekly 
changes in the rates. 


tion with increase in age of the root tissue. This is true for respiration rate 
caleulated on either the volume or the dry weight basis. The growth data 
reported in the earlier paper (WHALEY, et al., 7) show that in the fully sup- 
plemented culture medium there is a progressive root size increase for at 
least four weeks. These total size increases with time are not reflected in 
increased respiration rates, but are accompanied by decreasing respiration 
rates. Had the total weights and volumes in the earlier paper been plotted 
on a weekly increment basis as has been done by Frep.er (2) they would not 
have shown continuously larger values with time but rather decreasing 
values for many of the measurements after the first week. The respiration 
decreases are real rather than apparent decreases which have arisen because 
of the progressive increase in volume and dry weight of tissue during growth. 
This ean be shown by comparing the ratio of the maximum and minimum 
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respiration rates with the ratio of the corresponding minimum and maxi- 
mum dry weights. In almost all cases the ratio of the decrease in the rate 
of respiration exceeds the ratio of the increase in dry weight, in some cases 
by as much as two to four times. This means that the decrease in the rate 
of respiration cannot all be accounted for by the synthesis of cellulose walls 
and other non-respiring cellular and extra-cellular materials. But whether 
this respiration decrease is the result of the accumulation of substances toxic 
to growth and metabolism, to an exhaustion of the supply of some of the 
essential growth substances, or to other factors, could not be determined on 
the basis of the present experiments. Data bearing on this question will be 
discussed in a later paper. 

Results of acidity measurements of the culture media are shown in table 
II. Although some cultures show variation and a general increase in alka- 


TABLE Il 


ACIDITY MEASUREMENTS OF TOMATO ROOT CULTURES USED IN RESPIRATION STUDIES. EACH 
FIGURE REPRESENTS THE PH OF THE CULTURE MEDIUM FROM THE INDIVIDUAL CULTURES 
COMPOSITED FOR WEEKLY RESPIRATION MEASUREMENTS (SERIES 2). 











VITAMIN SUPPLEMENT WEEK 1 WEEK 2 

1. All Vitamins 5.4, 5.4, 5.2 5.1, 5.8, 5.7 
4. Thiamin Pyridoxine 4.9, 5.0, 4.8 5.0, 4.5, 5.4 
8. Thiamin Niacin 4.6, 4.5, 4.7 4.4, 4.5, 4.5 


~~ 
~~ 





linity with age, the pH was observed to fall at all times within the physio- 
logical range for plant growth. 


Summary 


Roots of tomato line 151 cultured in White’s medium were found to re- 
quire a vitamin supplement of thiamin plus either niacin or pyridoxine for 
satisfactory growth. In cultures which showed visible growth, the respira- 
tion rate, as determined by the Warburg manometric method was signifi- 
cantly higher than that of cultures in which there was no visible growth. 

Decrease in the respiration rate accompanied aging of the cultures. 

The pH measurements of the individual culturez indicated a satisfactory 
range for plant growth. 
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Introduction 


A culture of Aspergillus niger van Tieghem (American Type Culture 
Collection No. 1004) was subjected to soft X-rays. From this treatment 
there was obtained a mutant strain differing in appearance and metabolism 
from the parent culture. The mutant and normal strains were investigated 
with respeét to their individual growth characteristics, glucose utilization, 
citric acid production, and response to growth factors; and chemical anal- 
yses were made of the dried mats. 


Production of the mutant 
A Petri dish colony of A. niger was subjected to a beam of soft X-rays 
from a gas X-ray tube (9) for producing X-rays ranging from about 0.5 
Angstroms to 4 Angstroms. This tube is equipped with a copper target 
and a window of cellophane and aluminum which transmits the K, and Ky 
lines of copper (around 1.5 Angstroms) as well as the longer and shorter 
wavelengths in the continuous spectrum. The irradiation data were: 


Age of culture at time of irradiation 90 hours 
Distance from window of X-ray tube 5 centimeters 
Tube voltage 30 kilovolts 
Tube current 10 milliamperes 
Time of exposure 15 minutes 


It is possible to arrive at an evaluation of the dosage employed by re- 
ferring to the curves given by Kress and Kersten (10) in their ecalibra- 
tion of this soft X-ray tube. Operation at 30 peak kilovolts and 10 milli- 
amperes produces a dosage of 1650 roentgens per minute at a distance of 
5 centirieters from the window. 


Isolation of the mutant 


After the irradiation, the culture was scraped with a loop and serial 
dilutions made onto Sabouraud’s maltose agar plates, which were then incu- 
bated at 37° C for seven days. The plates were inspected for isolated 
colonies which differed in gross appearance from the normal A. niger cul- 
ture. This difference was manifested by a reduction of pigment formation ; 
colonies were found which were light brown, tan, and cream-colored in addi- 
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tion to a larger number which were the usual dark brown of A. niger. The 
atypical colonies were transferred to slants and one was chosen at random 
for detailed analysis. In order to insure a pure culture, the mutant culture 
was subjected to a plating-out method. 


General characteristics of the normal and mutant strains 
The normal culture has the typical appearance of Aspergillus niger 
van Tieghem (fig. 1) as described by THom and Raper (23). Colony 
growth is rapid and conidia are brownish-black to black in color. 








i 
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Fic. 1. Colonies on Sabouraud’s maltose agar medium; single spore inoculation; 
photographed at nine days. Upper: A. niger. Lower: Mutant. 


The mutant (fig. 1) differs in several respects from the normal strain. ; 
The sporulation is definitely reduced, to such an extent that there are patches ‘ 
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of mycelial growth which show very few spores. The conidia are very light 
cream to tan in color. Viewed from the underside, a slant or plate culture 
is yellow-tan in color and does not darken with age. This is in contrast to 
the appearance of a normal A. niger culture, the underside of which be- 
comes darker as the culture ages and the dark brown pigment diffuses 
through the agar medium. 

Under the microscope, typical Aspergillus conidial heads are seen in both 
the normal and mutant strains. 


Growth, glucose utilization, and citric acid production as 
a function of time 
Since citric acid is one of the major metabolic products of A. niger, the 
normal and mutant strains were compared in this respect; at the same time 
the citric acid synthesis was correlated with mat production and glucose 
utilization. 
CULTURE MEDIUM AND METHOD 


The liquid medium used was a modification of Czapek’s medium and con- 
tained 2.4 gm. NaNO;, 0.6 gm. NH,NO,, 10 gm. KH,PO,, 0.5 gm. 
MgSO, : 7H.0, 0.5 gm. KCl, 10 mg. FeSO,-7H,O, 2.0 gm. Difco yeast ex- 
tract, and 100 gm. anhydrous dextrose per liter. The pH was adjusted to 
3.6 with HCl. After autoclaving, 50 ml. of this medium were pipetted 
aseptically into each of 100 wide-mouth (8 oz.) bottles, which had been 
plugged and sterilized previously. 

Single spore inoculations of the mutant were made in half of the bottles 
and of the normal strain in the other half. The bottles were incubated in a 
slanting position (fig. 2). Beginning with the second day of incubation, 





Fig. 2. Growth on liquid medium at eight days. Left: A. niger. Right: Mutant. 


five bottles of each of the two strains were removed daily for determination 
of dried mat weight and chemical analyses for glucose and citric acid in 
the medium. Analyses were made through eight days of growth. 


CHEMICAL METHODS 


Dried mat weight was determined by filtration through tared Gooch 
crucibles prepared with asbestos mats. The mold mats were dried at 100° C 
for 24 hours. The analysis for glucose was done by the SHAFFER-HARTMAN 
(20) modification of the Munson-WaLker (15) method. Citric acid 
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Fic. 3. Mat weight, glucose utilization, and citric acid production as a function of 
time, A. niger and mutant. 
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analyses of the medium were made using the colorimetric method of PEr-- 
MAN, Larpy, and JoHNSON (16). 


RESULTS 


The data for growth, glucose utilization, and citric acid production as a 
function of time are given in figure 3. Both strains exhibit a normal growth 
curve with respect to mat production. However, the mutant curve lags at 
all times. In general the mutant strain is slower to utilize glucose in the 
medium, although the curve is similar to that for the normal mold. The 
citric acid production by the normal strain parallels mat production but this 
is true for the mutant only in the early stages of growth, since there is a 
sudden 1800% increase in citric acid produced by the mutant between 135 
and 156 hours of growth. 

The difference in metabolism between the two forms is illustrated by the 
following data. The mutant grows more slowly and produces less mat; the 
ratio of citric acid to mat weight is larger for the irradiated culture; the 
ratio of mat weight to glucose utilized is larger for the mutant; and the mu- 
tant strain produces 50% more citric acid than the normal A. niger. 


Response to growth factors 


Various concentrations of individual growth factors were added to a 
basal medium in order to compare the effects upon the growth of the mutant 
with those upon the normal mold. Single spore inoculations were made on 
solid medium in Petri dishes. Growth was determined by measuring the 
diameters of the resulting colonies and caleulating the areas. For each 
growth substance, the areas were compared with those on basal medium, the 
two values being determined simultaneously. The cultures were incubated 
at 37° C for seven days. 

BASAL MEDIUM 


t 


The basal medium contained 1% glucose and the same concentrations of 
inorganic salts as were used in the glucose-citric acid experiment described 
previously. Silica gel was used as the solidifying agent in order to avoid 
the use of agar and any effect it or its impurities might have had upon 
growth (18). 

RESULTS 


A comparison of the normal mold and the mutant in respect to nutri- 
tional requirements is summarized in table I. For the purposes of this 
table, the greatest per cent. of increase in area obtained with each substance 
was calculated. It was found that the growth factors could be divided into 
groups, each group producing percentages of increase in growth which fell 
into well separated ranges. Representative of the results are the pictures of 
the increase in growth obtained with three of the substances, para-amino- 
benzoie acid, riboflavin, and hypoxanthine, shown in figure 4. 

Difco yeast extract produced the most stimulation in both strains, al- 
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TABLE I 


COMPARISON OF NUTRITIONAL REQUIREMENTS OF A. niger AND MUTANT 








AVERAGE PER CENT. OF INCREASE IN GROWTH 





A, niger Mutant 


> 190% yeast extract > 460% 
70% biotin 240% 


10-50% p-aminobenzoie acid 140-200% 
hypoxanthine 
inositol 
pyridoxamine 


< 20% casein hydrolysate 
cytosine monohydrate 
guanine hydrochloride 
niacin 
pyridoxine hydrochloride 
pimelic acid 
riboflavin 
thymine 
adenine sulphate 
choline chloride 
thiamin hydrochloride 
uracil 


urie acid < 20% 
xanthine 





though the increase in growth over that on basal medium was much greater 
for the mutant than for the normal strain. Of the individual substances, 
biotin was outstanding in producing 240% increase in growth in the mutant 
in contrast to 70% in the normal mold. Substances in the group which 
included para-aminobenzoic acid, hypoxanthine, inositol, and pyridoxamine 
produced 140 to 200% increase in growth in the mutant in contrast to 10 to 
50% increase in the normal A. niger. The next group containing ‘‘ vitamin- 
free’’ casein hydrolysate, cytosine, guanine, niacin, pyridoxine, pimelic acid, 
riboflavin, and thymine, stimulated both strains to a lesser degree, there 
being 40 to 75% increase in the mutant and less than 20% in the control 
mold. Adenine, choline, thiamin, and uracil produced an insignificant 
amount of stimulation in the two strains. Uric acid and xanthine were the 
only substances tested which stimulated the normal A. niger more than the 
mutant, 50% increase in growth having been found for the normal strain 
in contrast to less than 20% for the mutant. 

In view of the above mentioned data obtained with Difco yeast extract 
and growth factors, it can be concluded that the mutant strain is apparently 
unable. to synthesize, at the rate of the normal strain, a number of sub- 
stances important for growth. 


Analyses of the nucleic acid fractions of the dried mycelium 


A. niger and mutant hyphal mats, grown on liquid medium, were dried 
with ethanol and ether. The acid-soluble and the lipoid portions of the dried 








Fig. 4. Changes in area of colonies with the addition of para-aminobenzoie acid, 
riboflavin, and hypoxanthine to a basal medium. In each of the three photographs: A. 
niger on basal medium (upper left plate), on medium with growth factor (upper right 
plate); mutant on basal medium (lower left plate), on medium with growth factor 
(lower right plate). 
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mats were removed by extraction. The nucleic acid fraction was then ex- 
tracted with 10% sodium chloride and precipitated from the sodium chloride 
solution by lanthanum. Determinations of nitrogen, phosphorus, and pen- 
tose (ribose and desoxyribose) were made on the lanthanum precipitable 
portions of the normal mold and the mutant. In addition the ultraviolet 
absorption characteristics of the nucleic acid fractions were investigated. 















PREPARATION OF DRIED MYCELIUM 









The medium used for the growth of the mycelium was the modified 
Czapek’s medium previously described except that yeast extract was omitted. 
The two strains were grown in 500 ml. Erlenmeyer flasks each containing 
100 ml. of the medium. After incubation at 37° C for seven days, the 
medium was decanted and discarded. The mold mats were washed several 
times with large portions of distilled water and then removed from the 
flasks to paper towelling which absorbed surplus moisture. 

The mats were cut into small pieces, dried by washing with (1) ethanol, 
(2) ethanol-ether mixture, (3) ether, and then put into a vacuum desiccator. 
After several days, the material was ground in a mortar and then returned 
to the desiccator for the final drying. 













EXTRACTION PROCEDURE AND LANTHANUM PRECIPITATION 







The method of extraction was that of Davipson and Waymouru (5), 
except for several minor modifications necessitated by the fact that dried 
mold mycelium rather than animal tissue was being investigated. Three 
samples were extracted with hydrochloric acid, ethanol-chloroform, and 
sodium chloride according to this method. A fourth sample was extracted 
with trichloroacetic acid. This was suggested by the work of Mann (12) on 
the phosphorus content of A. niger. The trichloroacetic acid was more 
effective in removing metaphosphate which was present in the samples of 
normal mold mat. The extraction was done with six portions of trichloro- 
acetic acid: (1) 10% at 0° for one hour, (2) four portions of 5% at 0° for 
one hour each, and (3) 5% at 0° overnight. 

The lanthanum precipitable fractions (assumed to be nucleic acids) of 
the four sodium chloride extracts were obtained using lanthanum nitrate, 
and these fractions were used for the various analyses. 

The extraction method of Davipson and Waymouru (5) was checked, 
using the procedure of ScHNEIDER (19). The latter method is based on the 
extraction of the nucleic acids with hot trichloroacetic acid and analysis of 
the resultant extract for the specific pentoses and purines. The two methods 
yielded approximately equivalent data. 




















CHEMICAL ANALYSES 










Phosphorus determinations were made according to the method of FiskE 
and Supparow (6). Nitrogen determinations were made by the colorimetric 
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micro-method which employs Nessler’s reagent (7). Calculations of nucleic 
acid content were made, assuming nucleic acid equals approximately six 
times the nucleic acid nitrogen concentration. 

Ribose was determined by two methods: that employing the aniline ace- 
tate reagent (17) and the perchloric acid-tryptophan method (4). It should 
be remembered that with the first of these methods one can expect recovery 
of no more than 50% of the ribose content of the sample. Desoxyribose 
determinations were made with the method employing the diphenylamine 
reagent (5) and the perchloric acid-tryptophan method (4). Calculation 
of desoxyribosenucleic acid content was made by comparison with a standard 
curve prepared with various amounts of sodium desoxyribosenucleate. 


TOTAL PURINES 


Analyses were made on the lanthanum precipitable fractions and the 
hot trichloroacetic acid extracts for total purines according to the method 
of Hrrcurnes (8). 

ULTRAVIOLET ABSORPTION 


Various ultraviolet absorption curves were obtained with a Beckman 
quartz spectrophotometer using the wavelength region from 235 to 300 milli- 
microns. The following data were collected: 

(1) Variation in optical density with wavelength for yeast nucleic 
acid and sodium desoxyribosenucleate, (fig. 5). The ribosenucleie acid 
(Sehwartz) which was used was purified by reprecipitation from acetic acid 
according to the method of Kunirz (11). The desoxyribosenucleie acid was 
prepared as the sodium salt from calf thymus by the methods of Mirsky 
aud Pouuister (14) and McCarry (13). 

(2) Variation in optical density with wavelength for the lanthanum 
precipitable portions of the sodium chloride extracts obtained from four 
samples of normal A. niger and the mutant (fig. 5). 

(3) Total nucleic acid concentrations of the four samples of A. niger 
and the mutant, based on a standard ribosenucleic acid curve obtained by 
getting variation in optical density for various concentrations of yeast 
ribosenucleic acid with wavelength fixed at 260 millimicrons (3). 


RESULTS 


Figure 5 shows that the lanthanum precipitable portions of the sodium 
chloride extracts of the dried mats of A. niger and the mutant have ultra- 
violet absorption curves typical of nucleic acid, with maximum absorption 
at 2600 Angstroms. 

An analysis of the nucleic acid fractions by the two methods for total 
phosphorus, total nitrogen, ultraviolet absorption, pentose, and total purines 
shows conclusively (table IT) that the nucleic acid content of the normal 
mold is approximately 30% higher than in the mutant. The ultraviolet 
absorption curves indicate that the nucleic acid fraction is typical of nucleic 
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Fic. 5. A: Ultraviolet absorption curves for solutions of ribosenucleie acid pre- 
pared from yeast (12.5 ug. RNA per ml.) and sodium desoxyribosenucleate prepared from 
calf thymus (20 yg. DRNA per ml.). B: Ultraviolet absorption curves for the lantha- 
num precipitable portions of the sodium chloride extracts of 4. niger and mutant. 
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TABLE II 
RATIO OF TOTAL NUCLEIC ACID FRACTIONS ree 
MUTANT 
METHOD Ratio N/M 
Phosphorus of La ppt. 1.33 
(corrected for metaphosphate in normal) 
Nitrogen of La ppt. 1.36 
Absorption at 260 my of La ppt. 1.31 
Ribose-desoxyribose 1.41 
(tryptophan-perchlorie on La ppt.) 
Ribose-desoxyribose 1.27 
(aniline acetate-diphenylamine on La ppt.) 
Total purine 1.43 


(method of Hitchings on La ppt.) 





acid and that both of the mold strains contain desoxyribosenucleie acid 


and ribosenucleic acid. 


There was no qualitative difference detectable by the methods used be- 
tween the nucleic acid of the normal and the mutant. There was a quantita- 
tive difference: the normal strain had a higher concentration. 
emphasized that the methods utilized will yield no data as to molecular 
size, type of linkage, or details concerning the intimate structure of the 


nucleic acids. 











It must be 





TABLE Ill 
Ratio NORMAL oy AMINO ACIDS BASED ON PER CENT. TOTAL N CORRECTED FOR ASH AND 
MUTANT 
MOISTURE 
Arginine 0.70 
Valine 1.37 
Histidine 0.91 
Tyrosine 1.95 
Glutamic acid 0.25 
Leucine 0.93 
Isoleucine 0.84 
Methionine 0.80 
Threonine 1.00 
Serine (and hydroxylysine) 1.10* 
Tryptophan 1.05 
Lysine 0.78t 
Phenylalanine 0.73 
Cystine 1.08 
Higher in Normal Higher in Mutant 
Valine Arginine 
Tyrosine Glutamie acid 
Lysine 
Phenylalanine 








* Chemical assay. 
t 8. faecalis assay. 
All other assays by Cl. perfringens method. 
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Amino acid analyses 


SraNLEy (21) reported that mutant strains of tobacco mosaic virus 
showed striking differences in amino acid composition. To investigate this 
point complete quantitative analyses of the amino acids of the mold mats 
were made. The analyses were performed using the microbiological method 
outlined by Boyp, Logan, and TyTe.i (2), employing Clostridium perfrin- 
gens. Streptococcus faecalis (22) was utilized also as a check method for 
the determination of lysine, which could not be assayed with Clostridium 
perfringens. Serine was analyzed by the periodic oxidation method de- 
seribed by Boyp and Logan (1). This method actually measures hydro- 
xylysine also if it is present. 

The analyses showed that the qualitative composition with respect to 
amino acids assayed was identical for the two strains. The mutant (table 
III) was significantly higher in arginine, glutamic acid, lysine, and phenyla- 
lanine. The normal mold was higher in valine and tyrosine. 


Summary 


A colony of Aspergillus niger van Tieghem was subjected to a beam of 
soft X-rays. An atypical strain of A. niger was isolated from the irradiated 
culture. Nutritional and biochemical studies on the normal and mutant 
strains can be summarized in the following manner : 

1. Pigmentation in the mutant is practically absent ; sporulation is very 
much depressed; and the growth rate is much slower than for the normal 
strain. 

2. The mutant is more efficient in the production of citric acid from 
glucose. 

3. The mutant is more responsive to individual growth substances, indi- 
cating a general reduction in rate of synthesis of these substances on the part 
of the mutant. 

4. Amino acid analyses of the mold mats indicate that qualitatively the 
amino acid composition of the proteins of the mutant and normal are identi- 
cal. Quantitatively the mutant shows a significant deviation from the nor- 
mal with respect to several amino acids. 

5. Analysis of the total nucleic acid content of the mold mats indicates 
that a significantly decreased amount of nucleic acid per unit mat weight 
is produced by the mutant. There is no distortion of the desoxyribose- 
nucleic acid/ribosenucleic acid ratio in the mutant nucleic acid as compared 
with the normal strain. 

6. When harvested at seven days, no metaphosphate was found in the 
mutant. The normal produced metaphosphate as reported by MANN (12). 

DEPARTMENTS OF PHYSICS AND BIOLOGICAL CHEMISTRY 


UNIVERSITY OF CINCINNATI 
CINCINNATI 21, OHIO 












352 


2. 


a3 


16. 


17. 


18. 


19. 








PLANT PHYSIOLOGY 


LITERATURE CITED 


Boyp, M. J., and Locan, M. A. Colorimetric determination of serine. 
Jour. Biol. Chem. 146: 279-287. 1942. 

Boyp, M. J., Loagan, M. A., and Tyrexn, A. A. A microbiological pro- 
cedure for the assay of amino acids with Clostridium perfringens 
(welch) BP6K. Jour. Biol. Chem. 174: 1027-1035. 1948. 

Carter, C. E., and Greenstein, J. P. Studies on the enzymatic degra- 
dation of nucleic acids. Jour. Nat. Cancer Inst. 7: 29-45. 1946. 

CoHEN, 8. S. Observations on the estimation of desoxyribose nucleic 
acid. Jour. Biol. Chem. 153: 691-701. 1944. 

Davipson, J. N., and Waymoutu, C. Tissue nucleic acids. I. Ribo- 
nucleic acids and nucleotides in embryonic and adult tissue. 
Biochem. Jour. 38: 39-50. 1944. 

Fiske, C. H., and Suspparow, Y. The colorimetric determination of 
phosphorus. Jour. Biol. Chem. 66: 375-400. 1925. 

Foun, Orro. Laboratory Manual of Biological Chemistry. 5th Ed. 
D. Appleton-Century, New York. 1934. 

Hircuines, G. H. The estimation of guanine and xanthine. Jour. 
Biol. Chem. 139: 843-853. 1941. 

Kersten, H. A gas X-ray tube for irradiation with soft X-rays. 
Radiology 23: 60-63. 1934. 

Kress, R. P., and Kersten, H. Calibration of a metal gas X-ray tube. 
Ohio Jour. of Sci. 42: 211-214. 1942. 

Kunitz, M. Crystalline ribonuclease. Jour. Gen. Physiol. 24: 15-32. 
1940. 

MANN, T. Phosphorus metabolism in molds. Nature 151: 619-620. 
1943. 

McCarty, M. Purification and properties of desoxyribonuclease iso- 
lated from beef pancreas. Jour. Gen. Physiol. 29: 123-139. 1946. 

Mirsky, A. E., and Potuisrer, A. W. Chromosin, a desoxyribose nu- 
cleoprotein complex of the cell nucleus. Jour. Gen. Physiol. 30: 
117-147. 1946. 

Munson, L. S., and WALKER, P. H. The unification of reducing sugar 
methods. Jour. Amer. Chem. Soc. 28: 663-686. 1906. 

PERLMAN, D., Larpy, H. A. and JoHnson, M. J. Determination of 
citric acid in fermentation media and biological materials. Ind. 
and Eng. Chem., Analytical Ed. 16: 515-516. 1944. 

REEVES, R. E., and Munro, J. Quantitative determination of pentose. 
Ind. and Eng. Chem., Analytical Ed. 12: 551-553. 1940. 

Rossins, W. J. Growth substances in agar. Amer. Jour. Bot. 26: 772- 
778. 1939. 

ScHNEIDER, W. C. Phosphorus compounds in animal tissues. I. Ex 
traction and estimation of desoxypentose nucleic acid and of pen- 
tose nucleic acid. Jour. Biol. Chem. 161: 293-303. 1945. 








DILLER ET AL.: X-RAY MUTANT OF A. NIGER 353 


. SHarrer, P. A., and Hartmann, A. F. The iodometric determination 
of copper and its uses in sugar analysis. I. Equilibria in the reac- 
tion between copper sulfate and potassium iodide. II. Methods 
for the determination of reducing sugars in blood, urine, milk, and 
other solutions. Jour. Biol. Chem. 45: 349-364, 365-390. 1920. 

. STantey, W. M. Chemical studies on viruses. Chem. and Eng. News 
25: 3786-3791. 1947. 

. Stoxes, J. L., Gunness, M., Dwyer, I. M., and Casweti, M.C. Micro- 
biological methods for the determination of amino acids. Jour. 
Biol. Chem. 160: 35-49. 1945. 


23. THom, C., and Raper, K. B. A Manual of the Aspergilli. Williams 


and Wilkins, Baltimore. 1945. 














BRIEF PAPERS 


A MODIFICATION OF THE WARBURG RESPIROMETER TO MEA. 
SURE THE RESPIRATION RATE OF TOMATO LEAF DISCS! 


J. EpwarRD KLINKER 
Received January 19, 1950 


In connection with a physiological study of six tomato varieties, the need 
for a method of measuring simultaneously the respiration rate of the leaves 
of several replicates of these varieties arose. 

BonNER and WiLpDMAN (1) have reported on the use of the Warburg 
apparatus for measuring the respiration of spinach leaves. They obtained 
highly reproducible rates of gas exchange from 200 milligram samples of 
fresh spinach leaf fragments 5-10 mm* in area, when mixed with two milli- 
liters of a phosphate buffer and measured in the Warburg respirometer. 

Preliminary attempts were made to measure respiration of tomato-leaf 
dises by the oxygen absorption method discussed by UMBreit, Burris and 
Sraurrer (3). Twenty dises were cut from a tomato leaf with a one- 
quarter inch cork borer. Oxygen uptake measurements of these dises were 
made in a darkened room in Warburg flasks. Two-tenths milliliter of 20% 
potassium hydroxide was used in the center well of each flask to absorb the 
carbon dioxide. All measurements were made at 25° C, using an M/15 
potassium-dihydrogen-phosphate buffer with a shaker rate of 120 strokes 
per minute. Extremely variable rates of oxygen uptake were obtained be- 
tween replicates of discs taken from the same leaf. 

It seemed reasonable to suspect that the buffer might be the principal 
cause of these erratic rates of oxygen absorption. The buffer being in close 
contact with the leaf discs, would greatly impede the normal exchange of 
gases in respiration. This interference would be especially great in the 
absorption of oxygen since its solubility in water is quite low. From Lange’s 
Handbook of Chemistry (2) the a value for oxygen at 25° C is 0.0283; 
whereas the a value for carbon dioxide at 25° C is 0.759, or carbon dioxide 
is approximately 27 times more soluble in water than is oxygen. 

Subsequently a modification of this method was tried in which the buffer 
was eliminated and filter paper of uniform size was cut and fitted in the 
bottom of the Warburg flasks. One-tenth milliliter of water was pipetted 
into the bottom of each flask to moisten the filter paper. Twenty tomato leaf 
dises were then placed in regular order on the filter paper. The flask at- 
mosphere was kept sufficiently moistened by the wet filter paper to maintain 
turgor of the leaf dises. Two-tenths milliliter of 20% potassium hydroxide 
was used in the center well to absorb the carbon dioxide. With the Warburg 
apparatus available for this work, simultaneous respiration determinations 
could be made of leaf discs from two complete replicates of six varieties each 
plus a thermobarometer. All measurements were made at 28° C in a 
darkened room. 


1 Paper No. 331, Department of Vegetable Crops, Cornell University, Ithaca, New York. 
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Two runs of two replicates each were made, each run being one hour in 
duration. After measurements of oxygen uptake were completed, the disc 
samples were dried to constant weight and their weights recorded. Caleula- 
tions were made to convert the oxygen uptake values to microliters uptake of 
oxygen per milligram dry weight of the leaf discs. A summary of these data 
is given in table I. 

TABLE I 


OXYGEN CONSUMPTION OF LEAF DISCS OF SIX TOMATO VARIETIES. 
(MICROLITERS 0,/MG. DRY WT./HR) 
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The data in table I show fairly uniform readings between replicates of 
the same variety. The statistical analysis revealed that the calculated F 
value for varieties exceeded the required F value at the .05 level of sig- 
nificance. Hence, the varieties, as measured by this method, had signifi- 
cantly different rates of leaf respiration. This would indicate that deter- 
minations made by this modified method were much more consistent than 
were those made when a buffer was used. 

One obvious source of error in this method involves wounding. Dises eut 
from leaves probably do not carry on respiration at the same rate as intact 
leaves due to wounding. In the case of measuring the rate of respiration of 
one plant relative to another, as was required for this study, this error does 
not seem serious. 

The author wishes to express his appreciation to Dr. G. Fred Somers and 
Dr. William C. Kelly of the U. S. Plant, Soil and Nutrition Laboratory, 
Ithaca, New York, for their many suggestions and aid in the development of 
this modified method. 

DEPARTMENT OF VEGETABLE CROPS 

CORNELL UNIVERSITY 
IrHaca, NEw YORK 
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PRECAUTIONS IN THE USE OF LANOLIN AS AN ASSAY 
DILUENT FOR PLANT GROWTH SUBSTANCES! 


C. T. REDEMANN, S. H. WiTTWER, anv H. M. SELL 


(WITH ONE FIGURE) 


Received November 30, 1949 


Lanolin is frequently used as a diluent for applying growth substances 
to plants. Its earliest use was described by Larpacn (1). He applied uni- 
laterally, to the first internodes of Phaseolus multiflorus seedlings, a lanolin 
paste containing the test substance. The presence of growth substances 
induced negative stem curvatures. Subsequently, Laibach and co-workers 
(2,3) applied lanolin pastes containing dissolved ether-extractible materials 
of urine and orchid pollen to the cut stems of Coleus and Tradescantia. 
Callus formation and rooting were induced: Numerous other workers have 
since adopted lanolin as a diluent. The use of lanolin has persisted largely 
because of its desirable physical characteristics, and its apparent inertness 
toward plant tissues and growth substances. 

An adaptation of the bio-assay method described by Larpacn (1) was 
adopted in studies designed for the eventual isolation of the growth regulat- 
ing substances in corn pollen. The degree of enrichment obtained from any 
particular fractionation was measured by the curvature produced on bean 
seedlings. By successive dilutions, determinations were made of the lowest 
concentrations dissolved in lanolin, which would produce curvatures of the 
same magnitude as would the non-diluted starting material. In earlier 
isolation attempts, even under the best processes, a considerable loss of activ- 
ity sometimes occurred. It was found that upon standing for 24 hours at 
room temperature in contact with a 1% aqueous solution of hydrogen per- 
oxide much of the growth regulator present in the crude pollen extracts was 
destroyed. Presumably, other oxidizing agents might also react with the 
growth regulator(s). Removal of peroxides from all solvents employed in 
extraction and enrichment processes did not eliminate the loss of activity 
indicated by the lanolin dilution assays. The probable source of this loss 
was detected when a qualitative test with acidified potassium iodide showed 
that the sample of lanolin employed as a diluent contained unidentified 
oxidizing agents. 

Subsequently, it was found that treatment of the lanolin with sodium 
hydrosulphite removed the oxidizing agents. A product satisfactory for 
bioassay of natural growth substances may be obtained by shaking out a 
solution of 25 gm. of lanolin in 250 ml. of ether with 100 ml. of water in 
which are dissolved 15 gm. of sodium hydrosulphite and 5 ml. of glacial 
acetic acid. After separating the two phases, the less dense phase (ether) 
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is washed with 100 ml. of water. The phases are again separated, and 
residual water is removed from the ether solution by agitating it with 15 
gm. of anhydrous sodium sulphate, and the ether solution is evaporated to 
dryness over a steam bath. Fifteen ml. of water is then added and subse- 
quently evaporated to dryness over a steam bath in vacuo. The residue 
from this second evaporation makes a satisfactory assay diluent. 
Differences in the curvatures of bean seedlings which were observed when 
lanolin treated with sodium hydrosulphite was substituted for U.S.P. anhy- 
drous lanolin are illustrated in Figure 1. Solutions containing 0.01, 0.001, 


Fig. 1. Curvatures induced on bean seedling internodes six hours after application 
of solutions of 3-indoleacetic acid in lanolin. Arrows point to sites of application. Left: 
Solutions in U.S.P. lanolin. Right: Solutions in purified U.S.P. lanolin. Top: 0.01% 
solutions of 3-indoleacetic acid. Center: 0.001% solutions of 3-indoleacetie acid. Bottom: 
0.0001% solutions of 3-indoleacetic acid. 


and 0.0001% indole-3-acetic acid were prepared both in U.S.P. anhydrous 
lanolin and in U.S.P. anhydrous lanolin which had been treated with sodium 
hydrosulphite. Five to ten mg. of each lanolin solution were applied uni- 
laterally to the first internode of each of six bean* seedlings 72 hours after 


* Variety Tendergreen, Ferry Morse Seed Co. Stock No. H6020. 
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emergence from the soil. Six hours after treatment three of the test plants 
from each group were photographed. 

Distinct negative curvatures resulted from application of the 0.01% 
solutions of indole-3-acetic acid in both solvents (fig. 1). However, the 
growth substance in purified lanolin caused a more pronounced curvature 
than in non-treated lanolin. The application of a 0.001% solution in per- 
oxide-free lanolin produced a marked response, while that in non-treated 
lanolin gave no perceptible curvature. A 0.0001% solution in either of the 
solvents produced no curvatures. 

The use of U.S.P. anhydrous lanolin as a diluent for growth substances 
sensitive to peroxides may introduce an error of between 10- and 100-fold 
into quantitative assays. Caution must be observed in interpreting the 
results of assays in which the lanolin employed is assumed, without experi- 
mental justification, to be a completely inert solvent. 


Summary 

Lanolin has been found to contain sufficiently high concentrations of 
oxidizing agent(s) to interfere seriously with its use as a solvent for quanti- 
tative bio-assay of indole-3-acetic acid and for plant growth regulators in 
corn pollen. A method for removing the oxidizing agents from lanolin with 
sodium hydrosulphite is described. 

This study was supported in part by the Rackham Research Endow- 
ment. 


DEPARTMENTS OF AGRICULTURAL CHEMISTRY AND HORTICULTURE 
MICHIGAN STATE COULEGE 
East LANSING, MICHIGAN 
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NOTES 

Executive Committee and Business Meetings, December 26 and 28, 
1949.— 

1. The report of the Secretary as of September 2 was approved. It was 
estimated that Society expenditures would exceed receipts of approxi- 
mately $1,000.00 by July 1, 1950, if the present rate of printing is con- 
tinued. 

2. To minimize the probable deficit, it was voted to raise all classes of 
dues $1.00: that is, domestic dues will be $6.00; Canadian, $6.25; foreign, 
$6.50. 

3. The following appointments were voted: Dr. W. F. Loehwing was 
reappointed to the Editorial Boar? to continue as Editor-in-Chief for a 
five-year term ending in 1954. D.. F. P. Cullinan was appointed to the 
Editorial Board for a five-year term to expire in 1954. 

4. Dr. A. G. Norman, Representative in Council of A.A.A.S., term to 
expire 1952. 

5. Dr. H. H. Borthwick was appointed as our representative on the 
Editorial Board of the American Journal of Botany. 

6. Two members of the Monograph Board were appointed. Dr. J. H. 
C. Smith was appointed to complete an unexpired term ending in 1950. 
Dr. Paul Kramer was appointed for the term ending in 1952. 

7. The Executive Committee approved the proposal to change Article 
[X to read ‘‘that the Editorial Board of PLANT PHYSIOLOGY shall 
consist of 16 members instead of eight.’’ This recommendation will be 
presented to the entire membership in 1950 for vote by mail ballot. 

8. The business meeting included reports by the Treasurer and the Edi- 
tor-in-Chief. Membership will probably reach 830 in the year ahead; with 
an anticipated mailing list, including institutional subscriptions, of ap- 
proximately 1700 copies of the journal. 

Dr. E. J. Kraus, Honorary Barnes Life Member.—This award is a 
token of the recognition of outstanding contributions in the field of Plant 
Physiology. It goes this year to a scientist who richly deserves this dis- 
tinction, Mr. E. J. Kraus. 


Plant and Soil Water Relationships.—PauL J. Kramer. McGraw-Hill 
Book Company, Inc., 330 West 42nd Street, New York 18, New York. 347 
pages, 1949. $4.50. 

This book presents the fundamental principles governing plant and soil 
water relationships and their applications to plant growth. It surveys an 
extremely wide range of investigative work including that of the author 
and correlates the subject matter in a highly functional manner, thus pro- 
viding a good general understanding of the field. The book will be of con- 
siderable value to teachers, research workers and to students, all of whom 
will find the critical evaluations and conclusions of the author very help- 
ful, especially in relation to those phases of the subject in which conflicting 
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viewpoints exist. As the title implies, emphasis is given to edaphic factors 
rather than to climate in relation to plant processes and composition. Dis- 
cussion of transpiration, ascent of sap and adaptations to drought are 
treated only incidentally because of their rather indirect relationship to 
water absorption. 

The author first traces the historical development of current viewpoints 
on water relations of plants and then presents a description of the physico- 
chemical aspects of soil water and the means of its measurement and con- 
trol. The biological responses of the plant, such as root growth, sap pres- 
sures and exudation phenomena, water and solute absorption are correlated 
with the dynamic factors of the environment. The concluding section deals 
with absorption deficits and their effect on plants. The author has facili- 
tated understanding by the general reader by avoidance of highly technical 
terminology without sacrifice of accuracy. The general format and fifty 
excellent text figures enhance comprehension of the material. The bib- 
liography of nearly 700 complete and critically selected citations to original 
papers, arranged alphabetically by author, makes the book an invaluable 
reference work. The cross-referenced subject matter and author indices 
contribute materially to the book’s usability. 


Water in the Physiology of Plants.—A. S. Crarrs, H. B. Currier, 
and C. R. Stockxine. The Chronica Botanica Company, Waltham, Massa- 
chusetts ; Stechert-Hafner, Incorporated, New York City. 240 pages. 56 
figs. 49 tables. 1949. $6.00. 

The authors present broad reviews on water in relation to the physiology 
of plants in the first portion of this monograph and in succeeding chapters 
consider specialized papers, thus adapting the book for class and reference 
use. Special attention has been given to terminology and to methods to 
facilitate understanding of newer and older terms and to correlate the 
work of biologists, chemists, and physicists, thereby making the book an im- 
portant contribution to the physical sciences as well as to biology. Bio- 
logical data are interpreted as far as possible in relation to recent physico- 
chemical concepts of water. Convincing arguments are presented for a 
distinction between osmotic pressure and imbibition. This mode of exposi- 
tion should facilitate considerably much cooperative and highly productive 
research in biology and related sciences. 

The monograph contains the following major topics: Structure of Water ; 
Properties of Solutions; Osmotic Pressure, Osmosis and its Mechanism ; 
Water as a Plant Component and Intracellular Distribution of Water ; Os- 
motie Quantities of Plant Cells; Active Cell Water Relations; Uptake and 
Movement of Water in Plants; Water Loss and Retention. The book con- 
cludes with nearly 700 citations to original literature and comprehensive 
author and subject indices. 
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Electron Microscopy Techniques and Applications——Ra.pn W. G. 
Wrcxorr. Interscience Publishers, Inc., 215 Fourth Avenue, New York 
8, New York. 248 pages, 1949. $5.00. 

The first portion of the book deals with the construction and operation 
of electron microscopes and methods of preparation of materials for study. 
There follows a remarkably well illustrated survey of applications already 
made of such methods, consisting largely of data obtained directly by the 
author. The concluding section of the book deals with the importance of 
the electron microscope in relation to the visibility of macromolecular par- 
ticles and the resulting experimental significance of this advance. The 
major sections of the book comprise: Electron microscopes and their adjust- 
ment; Preparations for electron microscopy, metal shadowing, and use of 
surface replicas; Electron microscopy of particle suspensions and viruses; 
Photography of macromolecules and the structure of macromolecular solids. 
There are 202 text illustrations, mostly electron photomicrographs, and a 
comprehensive bibliography arranged alphabetically by author for each 
chapter. Separate subject and micrograph indices conclude the book. 

The format, organization, and clarity of text, the uniform excellence of 
illustrative material and critical evaluation of data make this book of value 
not only to scientists actively engaged in electron microscopy but to all those 
generally interested in the fine structure of organic and inorganic mate- 
rials. Phenomenal as recent advances made by the electron microscope 
have already been, the data of this book make it evident that we are as yet 
merely on the threshold of greater progress in our knowledge of organisms 
and matter which will be made possible by this technique. The author 
makes it clear that considerable time will be required for interpretation of 
data already available and that applications of the techniques of electron 
microscopy to new fields, especially as the instrument itself is improved, 
are numerous and as yet rather unpredictable. In biology it is apparent 
that the electron microscope provides the means of enlarging the scope of 
eytology from the cellular to the molecular scale of organization, an ad- 
vance which may easily prove to be as important as that made possible by 
the original perfection of the compound microscope. 


Advances in Agronomy, Volume I.—-A. G. NorMAN, Editor. Academic 
Press, Inc., 125 East 23rd Street, New York, New York. 439 pages, 1949. 
$7.50. 

Advances in Agronomy provides an objective survey and critical review 
of agronomic research and practice. Various aspects of soil-crop relation- 
ships are discussed by specialists. The topics comprise: Plant growth on 
saline and alkali soils by Hayward and Wadleigh; New fertilizers and fer- 
tilizer practices by Jones and Rogers; Soybeans by Weiss; Clay minerals 
in soils by Gieseking ; Alfalfa improvement by White; Soil microorganisms 
and plant roots by Clark; Weed control by Crafts and Harvey; Boron in 
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soils and crops by Berger; Potato production by Ora Smith; and Fixation 
of soil phosphorus by Dean. Citations to original literature accompany 
each chapter. The format, composition and textual content of the book 
make it readily readable and very useful. The table of contents at the be- 
ginning of each chapter and the 23-page general author index further con- 
tribute to the usability of the book. 


Elementary Plant Physiology.—Stuarr Dunn. Addison-Wesley Press, 
Inc., Cambridge 42, Massachusetts. 164 pages, 1949. $3.50. 

This book is a brief text designed for a one semester course in elemen- 
tary plant physiology. The chapters of the book are: Structure and fune- 
tion of the plant cell; Absorption; Transpiration and translocation; Min- 
eral nutrition; Photosynthesis; Organic constituents of plants; Respira- 
tion; Growth and movement. Many of the notable advances of recent years 
in the knowledge of the physiology of plants are briefly mentioned. A sepa- 
rate unbound laboratory manual outlining 49 experiments with numerous 
references for each experiment is available for use with the text. 


Selenium: Its Geological Occurrence and Its Biological Effects in 
Relation to Botany, Chemistry, Agriculture, Nutrition and Medicine. — 
S. F. TRELEASE and O. A. Beato. Published by the authors. New York, 
New York. 292 pages, 1949. $5.50. 

This book is the first comprehensive survey to be published on selenium 
and its significance in biology. It will have immediate practical value for 
many scientists in the western states as a reference volume with maps and 
geological tables showing the distribution of selenium in rocks and soils. 
Plant keys, drawings and photographs are included to aid in the identifica- 
tion of the plants which accumulate large amounts of selenium thus often 
being responsible for serious losses of livestock or serving as an index to 
selenium in the soil. Other sections on the accumulation of selenium by 
plants, selenium poisoning in animals, selenium in relation to public health, 
prevention and control of selenium poisoning, and the chemistry of sele- 
nium will be of general interest. A bibliography and author and subject 
indices are included. 


Praktikum der Zell-und Gewebephysiologie Der Pflanze.—Sirerriep 
Strruecer. Springer-Verlag, 20 Reichpietschufer St. (British Sector), Ber- 
lin W 35, Germany. 225 pages, 1949. 27.60 German Marks. 

This is a second fully revised edition of this author’s well known earlier 
book of 1936 as Volume II of the Pflanzenphysiologische Praktika series. 
New techniques, experiments and instrumentation on plant cell and tissue 
physiology are quite extensive. One hundred specific experiments and 
exact procedures are given in detail. The book comprises the following 
major sections: Techniques for preparation and microscopic examination of 
living cells and tissues; Introduction to cell morphology and experimental 
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cytology; Plasmolytic procedures and their applications; Permeability; 
Absorption and optical procedures for such study including vital staining 
methods; Translocation; Electro-cytology and histology. Comprehensive 
literature citations are given in connection with each chapter. A complete 
eross-referenced subject index facilitates rapid reference use of the book. 


Frontiers in Colloid Chemistry.—R. E. Burk and O.Liver GruMMirTt, 
Editors. Interscience Publishers, Inc., 215 Fourth Avenue, New York 3, 
New York. 157 pages, 1950. $4.00. 

This is the concluding volume of a series of publications resulting from 
the annual lectures, ‘‘Frontiers in Chemistry,’’ at Western Reserve Uni- 
versity. The book comprises the following sections each prepared by an 
expert and accompanied by a comprehensive bibliography: Role of adsorp- 
tion in colloid science ; Chromatographic adsorption analysis; Ion exchange 
with reference to synthetic resins; Sedimentation; Colloidal electrolytes, 
wetting agents and detergents; Organization of crystals and micelles of 
soap, solubilization and detergency. The various chapters are well organ- 
ized and the book includes many original data and helpful figures. 


Bananas.—Harry W. von LorsecKE. Interscience Publishers, Inc., 
215 Fourth Avenue, New York 3, New York. 189 pages, 1949. $4.50. 

This book is the first in a series on the chemistry, physiology and tech- 
nology of economic crops under the editorship of Dr. Z. I. Kertesz. Critical 
and systematic treatment is given to soil, cultural conditions, climate, sea- 
sonal influences, variety, harvesting, storage, and handling as factors in 
variability of the chemical composition and biochemical behavior of the 
crop. The book also aims to bring the problems of food processors before 
production specialists in the interests of improved utilization of crops. The 
style and terminology employed permit specialists in one field to understand 
readily the contributions of those in another and the interrelations between 
them. The book comprises the following sections: History and growth of 
the banana trade; Structure and development including crop nutrition and 
morphology; Storage and ripening methods; Chemical changes during 
ripening ; Transportation ; Banana products; Nutritive value in health and 
disease ; Banana diseases; and World banana production and trade. Each 
section carries numerous citations to original research and many helpful 
data from the literature are given in the 28 figures and 51 tables of the book. 
Agriculturists and plant physiologists will find this very concise publica- 
tion of considerable interest. 


Evergreen Orchards.— Wiliam H. CHANDLER. Lea & Febiger, Wash- 
ington Square, Philadelphia 6, Pennsylvania. 452 pages, 1950. $6.00. 

This textbook deals with the structure and physiology of evergreen spe- 
cies, most of which are grown for their fruit as human food. It is written 
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for those taking advanced courses but is also designed to provide under- 
graduate students with helpful information in the solution of difficult or- 
chard problems and for the improvement of orchard practices. The tree 
and its fruit are taken up first, followed by a detailed discussion of the 
evergreen orchard environment. Full consideration is given of conditions 
favorable or unfavorable for production of fruit with good market quali- 
ties. Individual chapters are devoted to the characteristics of each of the 
more important species under consideration. Altogether, more than 80 
species are given attention. 

The first three chapters of the book present a general discussion in 
terms of fundamental principles of morphology, anatomy and physiology 
as these relate to the tree and its fruit, the evergreen orchard and its en- 
vironment, the growing and training of evergreen orchard trees. The en- 
suing 16 chapters are devoted to culture of specific crops including citrus 
fruits and their relatives, avocado, papaya, tea, coffee, cacao, lichi, bananas, 
mango, cashew, olive, date, coconut, oil palms, nut trees and other species 
of tree fruits. The 687 citations in the bibliography have been carefully 
selected from among recent authoritative publications and they add im- 
mensely to the usefulness of the book. A very complete eight-page subject 
index facilitates rapid reference work. 


Journal of Experimental Botany.—T. A. BENNET-CLaRK, Editor. Ox- 
ford University Press, Amen House, Warwick Square, London, E.C. 4. 
1950. 35 s. per year. 


This new journal has been founded by the British Society for Experi- 
mental Biology to provide a medium for the publication of original research 
in plant physiology biochemistry, and biophysics, and in such related fields 
as experimental agronomy. The Editorial Committee consists of Professor 
E. Ashby, Professor T. A. Bennet-Clark, Professor G. E. Blackman, Dr. R. 
Brown, Professor F. G. Gregory, Dr. W. O. James, Professor W. H. Pear- 
sall, Dr. R. D. Preston, and Professor M. Thomas. The journal will not be 
restricted to papers sumbitted by members of the Society. Contributions 
from research workers, both in Great Britain and abroad, will be welcomed. 
Manuscripts of papers submitted for publication should be addressed to 
Professor T. A. Bennet-Clark, University of London, King’s College, Strand, 
London, W.C. 2. Three numbers will comprise a volume and they will 
appear at four-monthly intervals, commencing in January 1950. The sub- 
scription price for three consecutive numbers is 35s., post free. Single 
numbers are 14s. Application for membership in the Society, £2 per year 
including the journal subscription, should be addressed to Dr. J. W. L. 
Beament, Department of Zoology, Downing Street, Cambridge, England. 
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Metabolism and Function.—D. NacHMANSOHN, Editor. Elsevier Pub- 
lishing Company, Inc., 215 Fourth Avenue, New York 3, New York. 348 
pages, 1950. $7.00. 

This collection of papers in honor of Dr. Otto Meyerhof deals with 
topies of general physiological importance of which the following will be of 
special interest to plant physiologists: Triose-phosphorsiiure als Interme- 
diirprodukt bei der Zuckergirung mit intakter Hefe by W. Kiessling; Con- 
figurational relationships between naturally occurring cyclic plant acids 
and glucose by G. Dangschat and H. O. L. Fischer; Synthese et utilisation 
de l’amidon chez un flagelle’ sans chlorophylle incapable d’utiliser les sucres 
by A. Lwoff, H. Ionesco, and A. Gutmann; Quantum efficiency of photo- 
synthesis by O. Warburg, D. Burk, V. Schocken, and S. B. Hendricks. 


The Use of Auxins in the Rooting of Woody Cuttings.—K. V. Tx1- 
MANN and J. BEHNKE-Rocers. Harvard Forest, Petersham, Massachusetts. 
344 pages, 1950. $1.00. 


In this publication an attempt has been made to assemble all data of 
a quantitative or semi-quantitative nature on the effects of growth regu- 
lators on the rooting of cuttings of trees and shrubs. The references and 
eritical data are clearly and concisely presented in tables which enable the 
rapid determination of the information which is available for any particu- 
lar species or variety. Separate tables give the effects of wounding, nu- 
trients, and vitamins on the rooting of cuttings. The small cost and great 


usefulness of this volume should make it a standard reference for all who 
are engaged in the vegetative propagation of plants. 
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